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1 Summary/ Zusamnenfassung

1.1 Summary

With respect to the evegrowing energy demand, the finitenesd carbonbased fossil
fuels, and the rise oCQ emissions, solalight induced photocatalytic water splitting for
the generation of clean and renewable hydrogen as an alternativeggrearrier becomes
increasingly important. In this regard, energy efficient syntheses for tlaeiateon of
energy consumption ar@s important as the syntheses of highly efficient and stable
photocatalysts. The present thesis deals with both aspduts, presenting an energy
efficient way for the synthesis dhyered perovskite heterojunctiord and seconda
researchdealing with the synthesis of visiblght absorbing nanostructured perovskite
oxynitrides!? Nanostructuringis a promisingand important approachto enhance the
activity of photocatalystsand wastherefore also studiedn the third researctproject of
this thesis dealing witiTiG aerogeld?!

Layered perovskite composites such as BaTaOisBaTaOis and
BaTaO5-BaTaO15-BaTaOs are known to be much morective in photocatalysis than
phasepure BaTaO:5.161 An energyefficient synthesis of suotomposites is presented in
the first study of this thesis.The presentedsynthesis allowsfor the preparation of
BaTaiO15-BasTa:01s-BaTaOs at ambient pressure and at comparatively low temperatures.
An addtional energy intensivecalcination step is natequiredanymore.For this, acitrate
synthesis routé” was optimized by a systematicljustment of the combustion reaction
Thereby, the composition of the composite could be tailovgth BasTaiO:15 occuringas
the main phase for all samples. The syrdisdirectlyyieldingacrystallineproductresulted
in the highest amount oby-phases with around 12 % of Ba&0i5 and 12 % of Bat@s as
revealed by Rietveld refinement. Photalytic activity tests in hydrogen evolution and
overall water splitting showed the highest activity for the rzadcinedsample This can be
explained by an improved charge carrier separation due to an optimized composition of
this layered perovskite hetejunction. This synthesis route could be used for the
preparationof many other semiconductor aterials, as it combines energyficiency and

time saving without diminishing the photocatalytic activity.




Althoughthe activity of the layered perovskites ddibe enhanced by the formation
of a heterojunction, thghotocatalyticactivity isstill imited to the UV light range. Visible
light absorptioncan be obtained bgmmonolysis of layered perovs&ibxidesleadingto
cubic perovskite oxynitride§® The second work reported herein focused on the
nanostructuring ofBaNbQN perovskite oxynitride since ammonolysis often leads to
micrometersized particle® 1% For this, a seyel derived electrospinning approach was
established. Layered perovskite BalbsOis nanofibers with adjusted diametewere
prepared via electrospinning andconveted by ammonolysis tgerovskite oxynitride
nanofibers. It was possible to retain the nanofiber morpholdgying ammonolysiand to
tailor the nanofiber diameter in a range of 135 to 213 nfmorough characterization
revealed the formation of the novel perovskite oxynitride composite BaNEBRNbQ:N.
These BaNbfN-BaNbQN nanofibers showed diametetependent photocatalytic
hydrogen and oxygenevolution after decoration with Pt oiCoNbQ with an optimum
nanofiber dameterof 213nm. The herein presented synthesis strategy could be used to
synthesize other nanostructured perovskite oxynitrides and could pave the way to other
nanostructuring strategies for perovskite oxynitrides

The generation of mesoporosity.e. in aerogels as one other nanostructuring
strategy besidesthe electrospinningcan be similarly or even more effective for the
enhancement of the activity of photocatalyst&erogelsare a group of nanostructured
materials for photocatalys, offering the possibility ofailoring the surface area and
crystallinity in a wide rangé12 MesoporousTiO;, aerogels were investigated fdheir
electron storage abilities and hydrogen evolutiontigities in the third study These
aeroget were prepared via a novel modified acidcatalyzed sefiel synthesis with
subsequent supercritical dryinBy varying the heat treatment conditions surface area
could be adjusted in a range of 92 @' up to 600m? gl. Theelectron storage ability
increased with increasing surface aréea. lower cdcination temperatureand depended
on the hole scavenger concentrationge. methanol concentration.Quantification of the
stored photoelectrons was perfmed bymeasuring the evolved hydrogen amount in the
dark after reductive Pt depositian the dark, which revealedncreasechydrogenamounts
with increasing surface areaMoreover, the direct photocatalyticsacrificial hydrogen

evolutionincreased withldecreasing surface area and electron storage abwityich can be




explained by better crystallinity of the calcined F&@rogelsA nitrogen reduction reaction
to ammonia in the dark, using the stored photoelectrons in the; B€ogelscould be

finallyperformed, representing promisingon-demand application for thes€i® aerogels.

1.2 Zusammenfassung

Aufgrund desstdndig wachsenden Energiebedmarfler Endlichkeifossiler Energietrager
und des Anstieg von CQG-Emissionen, erlangt die Erzeugung veauberem und
erneuerbaem Wasserstoff als alternativenkEnergietrager durch photokatalytische
Wasserspaltung mittels Sonnenlicht immer mehr an Bedeutung. Diesbeziiglich sind
energie-effiziente Synthesen ziReduzierung des Energieverbrauchs genauso wichég w
Synthesen von hocheffizienten und stabilen Photokatalysatoren. In der vorliegenden
Dissertation wird eine energieffiziente Synthese von Schichtpergkit-Heterostrukturen
vorgestelltl] sowie eine Synthese von nanostrukturierten Perakit-Oxynitriden die
sichtbares Licht absorbierdfl, und damit auf beide Aspekte eingeugen.
Nanostrukturierung ist ein interessantand wichtigerAnsatzzur Aktivitatssteigerung von
Photokatalysatorerund wurdedaherauch in derdritten prasentierten Arbeit GbeiQ
Aerogeleuntersuchtf®!

SchichtperowskiKomposite wie BasTayO15-BasTasO15 und
BasTasO15-BasTasO15-BaTaOs sind dafiir bekannt, deutlicbktiver in der Photokatalyse zu
sein als das phaseeine BaTaO:s%¢ Eine energieffiziente Synthese solcher
Kompositmaterialien wird in der ersten Arbeit dieser Dissertation vorgestellt. Die gezeigte
Synthese ermoglicht die Herstellung von sBaOis-BaTaOis-BaTaOs bei
Umgebungsdruck und vergleichsweise geringen Teatpegn. Ein zuséatzlicher
energieintensiver Kalzinierungsshritt ist nicht mehr notwendig Dafiir wurde eine
Citratsynthes#! durch systematisches Anpassen der Verbrennungsreaktion @gtim
Damit konnte die Zusammensetzung des Komposits angepasst werden, webaBsin
allen Proben die Hauptphase darstellte. Die Sys#hediedirekt zu einemkristallinen
Produktfuhrte, wies dengrof3ten Anteil arNebenghasen mit etwa 12 % BBaOis und
12% BaTaOs auf, was durch Rietvel¥erfeinerung gezeigt werden konnte.
Untersuchungen der photokatalytischen Aktivitat in der Wasserstoffentwicklung und

Wasserspaltung zeigten die hochste Aktivitat fur die nlcadkinierte Probe Dies kann




durch ene verbesserte Ladungstragertrennung durch die optimiertea#usensetzung
dieser Schichtperogkit-Heterostruktur erklart werdenDieser Syntheseweg kénnte fir die
Herstellung vieler anderer Halbleiteaterialien genutzt werden, d&nergieeffizienz und
Zeitersparnis kombiniertvurden, ohne die photokatalytische Aktivitat zu verringern.

ObwoH die Aktivitat der Schichtperaoskite durch die Bildung der Heterostrukturen
verbessert werden konnte, ist die photokatalytische Aktivitat auf den-Békéich
beschrankt. Absorption von sichtbaremLlcht kann durch Ammonolyse von
Schichtperowkiten erreicht werden, wodurch die Perakit-Oxynitride erhalten
werden!”8 Die zweiteArbeit, die in dieser Dissertation vorgestellt windar auf die
Nanostrukturierung voBaNbGN Perovskit-Oxynitricen ausgerichtetda die Ammonolyse
oft zu MkrometergroRen Partikeln fiihr1% Daflir wurde ein SeGetElektrospinrAnsatz
etabliert. BaNhyO1s Schichtperowkit-Nanofasern mit eingestellteDurchmessermwurden
durch Elektrospinnen hergestellt unanschlie@Rend durch Ammonolysai Perovskit-
OxynitridNanofasern umgewandelt Es war moglich die Nanofasermorphologie
beizubehalten und den Nanofaserdurchmesser in einem Bereich von 135 bian213
einzustellen. Die detaillierte Charakterisierung zeigte die ilung eines neuen
BaNbON-Ba&NbQN  Perovskit-OxynitridKomposits.  Dige  BaNbQN-BaNbQN
Nanofasern zegjten eine durchmesserabhangige photokatalytische Wasserstoftl
Sauerstoféntwicklung nach Dekoration mit Pt oder CoNbQ mit einem optimalen
Nanofaserdurchmessearon 213 nm Die hier gezeigte y@thesestrategie konnte fur die
Synthese anerer nanostrukturierter Perogkit-Oxynitride genutzt werderund den Weg
zu anderen Nanostikturierungsstrategen fur Perovgkit-Oxynitride bereiten.

Die Erzeugung von Mesoporositat, d.h. in Aerogedds eine weitere Strategie zur
Nanostrukturierung neben dem Elektrospinnen, kann vergleichbar sapgar effektiver fur
die Aktivitatssteigerung vorPhotokatalysatoren seinAerogele sind einésruppe von
nanostrukturierten Materialien fir die Photokatalyse, die die Mdglichkeit bigtdie
Oberflache und die Kristallinitat in einem weiten BereinhRzuschneiderA'12 In der
dritten Arbeit wurden mesopordse Ti® Aerogele hinsichtlich ihrer F&ahigkeit zur
Elektronenspeicherungund ihrer Aktivitdt in der Wasserstoffentwicklung mit
Opfereagenkn untersucht Diese Aerogele wurden mittels einer neuen angepassten

Saurekatalysierten SelGelSynthese mit anschlieRenderupgerkritischer Trocknung




hergesellt. Durch Variation in der thermischeBehandlung konnte die Oberflache in
einem Bereich von 92 fy! bis zu 600 rhg! angepasst werderDie Fahigkeit Elektronen
zu speichern stieg dabei mitansteigender Oberflache und geringerer
Kalzinierungstemperaturan und war zudem abhangig von mdeKonzntration des
Lochfanger#lethanol. Die gespeicherten Photoelektronen wurden duxathweis des im
Dunklen entstehenden Wasserstoffs nach reduktiver Pt Abscheidung umkléh
quantfiziert, wasansteigendeWasserstoffnengen mit steigender Oberflach@achwies.
Weiterhin stieg die sakrifizielle Wasserstoffentwicklung misinkender Oberflache und
damit geringerer Elektronenspeicherungwas durch eine bessere Kristallinitat der
kalzinierten Ti@Aerogele erklart werden kanrkEine Stickstoffreduktion zu Ammoniek
Dunkeln die diegespeicherten Photoelektronein den TiQAerogelen nutzt konnteam
Ende der Studierfolgreich durchgefiihrt werden, und stellt eine zukunftstrachtBet

BedarfAnwending fur solche TigAerogele dar.




2 Introduction and Theory

2.1 Challenges in Future Energy Supply arehiand

Climate change is one of the major challenges of our am& humanity isalready facing

the consequences. The global temperature increased by 1.01 € 1880 ,the artic sea

AOS Aa RSOfAYAY3I G I NIGS 2 FareleasingimadslSNJ RSO
427tons per year since 2002andthe global average sea levss riserby 178 mm in the

past 100 year© | dza SR o6& (KS A yithexdl heatfall far2021)'R Blosts | 4 S N &
climate scientistsagree that global warming is humamade['%?8! |t is caused by the

emission of greenhouse gases, including major contributing gasg<CEONO, and S©

The major sources for these gases are fossil fuel combustion and deforestation, biomass
combustion and agricultural wastes, fertilizer use, and combuasof coal, oil, and

diesel’®] Emissions of GO which is the most important greenhouse gas forcing the
greenhouse effect, increased from 277 ppm in 1750 to 412 ppm in 282D % of the
anthropogenic C@emissions in the period from 18820can be accounted to lanrdse

change and 70 % to fossil fusmission!® In this period, theproportion of CQ emissions

from fossil fuels increased significantly since 1960 as catsbseen inthe global primary

energy consumption by fossil fuedownin Figure1.[12:20]
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Figure 1: Global primary energy consumption by fofséls from 1800 to 2019Reprinted with
permission fronRitchie et al. (Our World in Dat), licensed undeCBY 4.0
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In 2021, still 82 % of the prigny energy consumption was based fossil fuels, which is a
decrease of only 5 % in the last five ydahs-urthermore 2021 was the secahyear in a
row with a record in methane emissions, which is the seamdtimportant greenhouse
gas after C&¥?223IThe annual increase was 17 ppb, reachingtarogpheric methane level
around 1626 above the préndustrial level?®! It is more important than ever to reduce
the global greenhouse gas emissionerefore the Paris agreement was negotiatead
2015with the ambitionto limit global warming welbelow 2 °C with efforts to limit warming
below 1.5°C compared tohe pre-industrial level?*! Figure2 presents different scenarios
for changes in global greenhouse gas emissions and the global temperature increase
following from these emissions in 2168.1f countries do not implement climate reduction
policies and all humans proceed as they did fbe last decades, the global warming will

further proceed to 4.Jup to 4.8 °C in 2100 compared to piredustrial temperature level
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in Data
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Figure2: Global greenhouse gas emissions and warming scenarios. Annual global greentuse ga
emissions are given in gigans of CQequivalents. Shading from low to higimissions for each
scenario marks the uncertainty of each pathway. The given temperature increase for each scenario

is relative to the prendustrial temperatures and refers to the expected global temperature rise by
2100. Reprinted with permission frontdRie et al. (Our World in Dat#), licensed undeCC BY 4.0
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To reach the goal of the Paris agreemeagcarbonistion of the globalenergy setor is
one of the key responsibilities the next yearsalsofacing thefiniteness of fossil fuels
which will cause a dramatic price increas¥ices for oil, coal, and natural gas already
increased strongly in 2023% In 2021 aglobal energy consumption of 18FWy y* up to
20.13 TWYy y and a recoverable reserve of 220 TWy ofuratgas and 1010 TWy of coal
were estimated?®! Furthermore it is estimated, thathe global energy consumption will
further increase up to 2TWyyin 2050?71 Following from thistenewable energgources
have to play a major role in the futugdobal energy supplyigure3 shows the progress of
global energy generation from renewable energies (biomass not included) since 1965
showing a rapid increase in wind and solar power since £80lhe potential of renewable
energy sources is still signifidiy higher than this. The annuanergy potential of
renewable energy sources exceeds the total reserves of finite energy sots@scially
solar energy is a promising candidate for renewable energy generation as thé&etgan
annualenergy potential of 2800 TWyy 1?6l The energy provided by one hour sunlight
covers the global energy consumed in one Y& However, the direct use of solar
energy is restricted bjluctuations due tothe daynight-rhythm, weather changes, and
seasonsDue to this, the energy provided by the sun, needs to be convertedstorable

and transportabldorms, i.e. chemical fuelsuch as hydrogei?!

Our World
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Figure 3: Global renewable energy generatithom 1965 to 2020Reprinted with permission of
Ritchie et al. (Our World in Da8), licensed undeECBY 4.0
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Hydrogerhas the highestnergy density by mass compared to otl&srage methodsuch

as pumped hydroelectric energy storage, batteries, capacitorBywheels but it suffers
from a low volumetric energy densit§f) One way to overcome this issue could be the
storage of hydrogen in metal hydrides and complex hydriddsch additiondly reduces
fire risksi3Y Furthermore,other easily transportable chemical fuedsch as hydrocarbons,
offer higher volumetric energy densiti¢®¥! but suffer from the release of CQupon
combustion. In contrast to this, hydrogéorms water upon combustion with oxygen in air
and the stored energy is releas&d Hydrogen can be produced Iphotocatalytic water
splitting, photoelectrochemical processesr by coupling photovoltaic devices witiin
electrolyzr as alternative production methods compared to the mainlyedissteam
reforming process based on fossil fuel souré&$3 Advantages of photocatalysis are the
use of water as an abundant and convenient hydrogen source and the possibility to release
formed oxygen into the atmosphere without problenfaujishima and Honda discovered
the lightdriven direct splitting of water into its elements hydrogen and oxygen ofi@
semiconductor surface 1972[*4 Since this timealot of effort wasput into photocatalysis
research, with Ti©@being the most investigated photocataly$t*”! A detailed discussion
of semiconductors and photocatalysis will follow in Cha@& However, it is important
to note here, that the semiconductor material has to fulfill several requirements to be
useful insolarlight inducedphotocatalysis. One of the most important pragies is the
chaacteristic band gap of a semiconductor, which has to be small enthagtsolar light
can excite the semiconducttw generate electrorhole pairs Theseelectron-hole pairs are
then used to perform redox reactions in photocatalysis, or canalse used for the
generation of electrical power in photovoltaic cellfiephoton energy of solar lightas to

be higher than the band gap of theaterial, which limits the portiorof the solar light
usable for photocatalysis with a specific semiconductegure4 shows the solar radiation
spectrad ST 2 NB Sy i S NFayhaspherek @MOS anbdafiekK Qassing the 1.5
atmospheres (AM1.5)1#8] The total energy of the AMO spectrum emitted by the sun is
reduced due to absorption and reflection processes when passimgugh the
atmospheres. Greenhouse gases absorb more than 25 % of the AMO radiation; the
absorption bands of G@nd HO are especially visible in the IR regitf% Only 5 % of the
a2t NJ &LJS Ol NHavacd bélongskKoSNehitl 4836 koQisible lighand52 % to




infrared light!*9 Although offering high chemical and physical stability, low cost, and easy
availability TiG exhibits a band gap in the range of 3.0 to 3.2 eV and can therefore only
absorb UMight, which limits thetheoretical solarto-hydrogen efficiency of TiQo 1.3 %
for anatase and 2.2 % for rutilend therefore the practical application in solaght
harvesting®->2 However, the very well studied material properties of Jitakes it to a
promising model photocatalyst and tailoring of materials properties can enhanced the light

light absaption and photocatalytic activitye.g.nanostructuring or doping36]
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Figure4: Solar radiation spectrum before entering the eartiimosphere (AM0red) and the solar
spectrum atsea level after passing 1.5 atmospheres (AM1.5, orangb)marked areas of UV, vis,
and IRpart of the solar spectrunData were taken from Honsberg et 4}l

In addition, &ernative semiconductor materials have to be found for efficient
application in solar lighinduced photocatalysjsvhich have to be able to harveatwide
range ofsolar light,thus offering the possibility of highly efficient conversion of solar
energy to hydrogenAn absorption edggreater than420 nm or a band gagsmaller than

3 eV are necessary for an efficient harvesting of solar lfighcientiss put a loteffort in

this and discovereda series of suitable semiconductor materi&f$%3l Oxynitride
materialshave been recognized as one promising grotimaterialsfor solarlight induced
water splitting absorbing a wide range sblar lightand beingsuitable for water oxidation
and reduction reactiof?”6472 Included in this group of materials are also pefotes
oxynitrideswith the molecular formul2AB(O,N9 (A = La, Ca, Sr, or Ba; B = Nb, Ta or Ti)
These materials offethe possibility of fine tuning of physical and chemical properties by

ionic doping and substitution due to the higher flexibility of the perovskite structure
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compared to a metal oxynitride structufe’-6%.73IFurther research on the optimization of
suchphotocatalysts is important fonydrogen production usingolar light radiation aan
abundantenergy source

Photocatalysis can becomteenl y A YL NI Fyd LI NI 2F 0KS 62 NI

enabling thedecarbonisation of the global energy sector

2.2 Photocatalysis

In general, bemical reactionshat can only occur or proceddster in the presence ofght
(photonshv) are photochemicaprocessesPhotochemical reactions can be dividedoin
photocatalysis and photosynthesishich can be distinguished by their change of Gibbs
Sy S N&Edaringithe reaction. Photocatalytic reactions @ SNH 2 y A O GNB)I Ol A 2y
YR LK2G2a8yiKSGIAO NBI Ol i2yRi 4 phdtosyStyeieS NH 2 Y A
systems can be furthetistinguished from photocatalytic ones they additionally have to
suppress the back reactidffl The degradation of organic pollutants is an example for a
photocatalytic process, sacrificidl> and Q evolution reactios from water can be
photosynthetic as well as photocatalytic, whereas gmitting of water intoO, and h
without a sacrificial agent is an exanapfor a photosynthetic reactioli>:"4 However,
photochemical processemvolving light absorption by semiconductoase most often
referred to as photocatalysis and no differentiation is made between photocatalysis and
photosynthesid’4

Photocatalysis can derther dividedinto homogenous and heterogeneous photocatalysis,
in which educt(s) and photocatalyst are either in the same (hom@&gais) or in two
different phases (hetrogeneous}*! Examples for homogeneousphotocatalysts are
polyoxometalated’® organic molecule&! or metalcomplexeg’8whereasphotocatalysts

for heterogeneous systemare solid semiconductorsn either liquid or gaseous medium
This thesis will focus onto heterogeneous photocatalysis wmtiiganicsemiconducting
photocatalysts in liquid educts.

Smiconductors exhibién electronic structure with aalence band\(B comprisedf fully
occupied electronic ground states and the conduction ban€H, consisting offully
unoccupied electronic states. The energy differencébetween the conduction band

minimum and the valence band maximumknown as band gajf.l’”<€% This band gap
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distinguistes semiconductors from metallic conductonshich have overlapping valence
and conduction bansi(shown inFigure5).[’® Insulators are materialsith band gapsbove
approximately4 eV, also sometimesgeferred toaswide-band gap semiconductors.
The half occupied energy level in between the band gap is ttaked Fermi leveE).[81.82]
E E E
) | c8

I£g<4ev {ngev

v M

CB

DOS DOS DOS

Figure5: Band structure of a metal (left}, semiconductor (middle), arah insulator (right).The
occupied states are represented by baadoration. The thick dashed line shows the position of the
Fermi level (= The band gap gEfor a semiconductor and an insulator are given.

The position of the Fermi level differentiabetween the three types of semiconductors,
l.e. intrinsic, ntype, and ptype semiconductos as shown inFigure6. An idealintrinsic
semiconductorsuch as silicohas a Fermi levglositionedin the middle of the band gap.
The excitation of such an intsic semiconductor results imentical concentration of
electrors and holed®! In real semiconductorsmpurities and surface defects are always
presentand can be further introduced by doping, resmtin additiond donor or acceptor
states In p-type semiconductors additional acceptor levels are introduced, located above
the VB The majority carriers are therefore holes, the Fermi level is shifted towardéBhe
Additional doror levels are introduced in-type semiconductas resulting in eletrons as

majority charge carriers and a shift of the Fermi level toward€GBe
E

+| TORUETN R vE

Figure 6: Fermi level positions of an intrinsic (left), aype (middle), and an -type (right)
semiconductor.

Most of thecommonlyusedsemiconductors are sype semiconductors with tendencies

towards anion deficienciesas for example ZnO, BiMiVQ, BaTaO:5, MgFeOs, TaON,
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and BaNbeN 8486l Examples for ftype semiconductors with tendencies towards cation
deficienciesare CuCand CaFgD,.184.86l

Besides the differentiation between intrinsig; and ntype semiconductors, thegan be
additionally distinguished between direct and indirect semiconductilsctrons(e’) can
be excited fronthe VBinto the CBof a semiconductor bgbsorption ofphotonswith an
energy equal or larger thang leaving holes(h*) in the VBI[7?8%84 Depending on the
electronicposition ofVBmaximum(E/g) and CBminimum(Ecg, this transition can be either
direct or indirect & represented inFigure 7. The optical transitions in direct
semiconductors as for example C28S and BaNbQN showno change ithe wave vector
k.BL.87] Transitions in indirect semiconductors such asTi€yuire a change ok and
therefore an additionalinteraction with phononsresulting in much larger absorption
coefficients for direct semiconductol®:28 However, the probability of charge carrier
recombination isalso higher in direct semiconductors as charge carriers are better
separated in indirect semiconductgrsesulting in longer charge carrier lifetimefor

indirect semiconductor$®!
E

BN

hv>Eg

Eg, indirect

Figure7?: lllustration ofthe optical transition i direct (left) and indirect (righfemiconductofrom
valence band maximum to conduction band minimum

After excitation in the first stepf photocatalysisphotogenerated charge carrierse. h*
and e, separate and diffuse to the surface of the seamnductor where they can be used
to perform either reduction or oxidation reactioff$! Electrons promote reduction
reaction ofadsorbed electron acceptors (A) and holes oxidation reactionsaddorbed
electron donors (BHigure8 left). In overall water splitting, water is oxidized to oxygen and
protons are reduced to hydroger(gure8 right). These reactions caonly be performed,

if BEvgand Ecgmatch the electrochemical potential of the half reaction. For tRig needs

to be more positive than the oxidation half reaatipotential andEcgneeds to be located

more negative than the potential of the reduction hakaction. Therefoe, B of a
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photocatalysthas to be located morgositive than+1.23 V ys standard hydrogen
electrode ((SHE), pH 6) and Ecghas to be morenegative than 0 W. SHEYo perform
overall water splitting33-347279 This implies, that the band gap of the photocatalyst
additionallyhas to belarger than 1.23 eVh orderto perform overall water splitting. fie
Gibbs energy for overall water splitting is 237 kJ‘hmahich equals 1.23 ek:3458.66.71,89
91 Photocatalysts with band gaps af least1.8 to2.2 eV are requiredor overall waer
splitting which can be explainetby slow kinetics that result in required overpotentials to

achieve sufficient reaction ratég 9%l

E \\\hv >E, A E \\\ hv>E, 2 W
- ( \"‘
cB HH
CB __ Gﬂ A CB __
| oV H*/H,
E | E
W 123v -- 0,/H,0
VB @—a’ gl VB "2 Hgf
B
y 00w

Figure8: Schematic illustration ad photocatalytic reactiorwith e promoting reduction and h
oxidation reactiors of either an electron accepto(A) or an electron donor (B) (lefticheme of
overall water splitting as an exemplarghotocatalytic redox reaction (rightllhe dashed lines
represent recombination processesdapted with permission from Marschat al® Copyright
2013 WILEYCH Verlag Gniib& Co. KGaA, Weinheim.

The efficiency of photocatalytieactiorsis reduced by recombination procesgbat can
proceedvia different mechanismsPhotoexcited charge carriers hae finite lifetime and
diffusion lengthdepending on the materiakhe light intensity as well asn the charge
carrier typel®®! The majorrecombinationprocessof photoexcited charge carrieris the
relaxation of photoexcited electrorntzackinto the VB, releasing energyn-radiatively or
radiatively in form of heat orphotoluminescencé* The targe carrierscan further
undergo bulk recombination at grain boundaries or defects in the crystal struciure
surface recombination ahe surface of the semiconductdt®84 Holes and electrons can
be trappedin trap statesin the bulk or at the surface of the semiconductor, in rgap
states or in surfacestates and recombination can proceetfom there. Methods to
decreasehe charge carrier recombinatioprobahlity in a photocatalyst aréhe synthesis

of highly crystalline andr nanostructured materials. A high crystallinity reduces the defect
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concentrdion (recombination centes) in the material and particle size reduction
decreaseshe diffusion pathway for the photoexcited charge carrigrshe surface for the
redox reactiord’®84 Other approaches to redudbe recombination probability is thase
of sacrificial agents and amatalysts as well as the symtbis of heterojunction composites

to promote charge carrier separatid#f
2.2.1 Sacrificial ents -catalysts andHeterojunction @mposites

Sacrificial ent

Sacrificial agents are either hole or electrenavengersthat consumeone kind of
photogenerated charge carriefiast, reducing the recombination probability and thus
prolonging the charge carrier lifetime of the other not consumed charge carrier, leading to
increasedactivity.[”®l Hole scaengers or electron donors used for the sacrificial hydrogen
evolutionare often organic molecules, therelatcohols ethylene diamine tetraacetic acid,
and lactic acid are the most important sacrificial agétsMethanol is the most used
sacrificial agent for sacrifad hydrogen evolutiof?”! Inorganic ions used as sacrificial
agents for the sacrificial hydrogen evolution &r&/SQ?, S, SG* Fe*and Cé&*.[96.98]

Two mechanismsare propo®d for the photocatalytic oxidation of methanol, the direct
oxidation by photogenerated holes and the indirect oxidatioia hydroxyl radicals
(IOH).[99.100] |t could be shown for Ti)that the mechanism depends on the adsorbed
molecules on the surface artiat the indirect oxidation of methanol is most likely the
mechanismpursuedin aqueous solutiof?® The IOH radicalsformed by trapping of VB
holes react withmethanol by abstracting theydrogenatom of the GH bond forming an

h -hydroxymethyl radicaiCHOH).[°%10%104] |f no oxygen is present in the reaction solution,
an electron is injectedrom the iCHOH radicalnto the CB of the photocatalystesulting

in the formation of formaldehyde in a procesalled (photo)current doubling®! This
photocurrent doublingwas shown to take placr alcohols with" -hydrogenatomg0],
which was also reportedfor sacrificial hydrogen evolution using Ba0:s5-BasTaO1s
composite nanofibergseeFigure9).9 It is also importanthat the reduction potentiof
the radical must benore negativehan the CBninimumof the photocatalysasotherwise

the electron cannot be injected into the CB. But still, an increased hydrogen evolution can

be obtained®! Besideghe photocurrent doublingan improved charge carrier separation
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was obtainedor BasTa015-BasTasO1s composite nanofiberswhich will be discussed later

in this section.

=\ hv
E Improved charge carrier

separation

e O /‘39 Gm.CHZOH

3
moLvﬁg

+ =
BasTa,0;5 Ba;Ta;0;5

Photocurrent doubling

Figure 9: Schematic illustration of improved charge carrier separatiorBaTa:Ois-BazTa01s

composite witlphotocurrent doublingn the presence of methanol as hetavengerAdapted with
permission from Bloesser et@ICopyright 2018 American Chemical Soci€he formation of the
ICHOH radical is shown here by direct oxidatiddmethanolfor simplicity.

Hectron scavengers or electron acceptarbich can be usedor the sacrificial oxygen
evolution are Agor Fé*and S0 .79 The most widely employeedlectron scavenger is
Agr P9 All of these electron scavengers have the disadvantagessgible oxygen evolution
additional to the oxygemvolution from water oxidation. For example,Agn be oxidized

by holes, forming A®» peroxide, which can be further oxidized, resulting in oxygen
evolution®?l Therefore it cannot be distinguished, which amount of the evolved oxygen is
formedviadirect water oxdation or indirecly from the electron scavengé¥! Additionally,
Ag(0) is depositedn the photocatalyst surfaceresulting in absorption changes and

blocking of reactive sites, moreovAg(0) can be catalytiltg activeby itself

Cocatalysts

A lot ofphotocatalysts are still not able to produce oxygen or hydrogen only in the presence
of a sacrificial agentan additionabecorationwith a cocatalystis necessar{?!! Esgecially

the efficiency of themore challengingpxygen evolutiorhalf reaction as a four electron
processcould be enhanced by the use of acatalyst wit low overpotential for the oxygen
evolution['%¢ Cocatalysts catalyze reactions by lowering the activation enemy the
overpotential provide active sites for the reactions, serve as trapping sftas
photogenerated charge carriergan supress charge carrier recombination and back

reactions and can also improve the photostability of a photocatal§/sto!
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Noble metals such as,/Rd, RhRu, Iror Auare often used as coatalysts for the hydrogen
evolution reaction, acting as electron sink and additionally as proton reduction
site [8491.107.108lThe efftiencyof the electron trapping of noble metaisdetermined by the
difference inthe work functions of the metals and the photocatalyst, wattharger work
function for the noble metal8% A Schottkycontact is formed between the metal and the
semiconductor, facilitating electron transfer from the semiconductor to the metal as shown
in Figure10 (top) for an ntype semiconductolf*11%The Fermi levels of the metal anceth
semiconductor equibrate at the interface, resulting iband bending and the formation of

a Schottky barrierA space charge regioiorms at the surface of the semiconductor
resulting indepletion of electrons in 4tlype semiconductors, therefore calleddepletion
layer1% The charge separation is improved as back transfer of elecieohidered by

the Schottky barriern ptype semiconductors an accumulatitayer is formed as electron
transfer is facilitated from the metal to the semiconductBigure10 bottom).[110.111]

Before contact After contact

Evac
b
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Metal FE
n-type

< >

Depletion
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Figure 10: Band diagrams of a metal amtalyst and ann-type (top) and gype (bottom)
semiconductor before contact (left) and in contact under equilibridtmthe { OK 2 G (i 1 &g 0 I NNR &
marked in red. Adapted with permission from Zhang ét@iCopyright 2012 American Chemical

Society.

Pt has the largest workinction of noble metals and additionally has the lowest activation

energy for hydrogen evolution reaction, thereédPt is the most suitable ecatalyst for the
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hydrogen evolution?1108.11210ther nornoble metal cecatalysts used for the hydrogen
evolution reaction are for example NiO, transition metal disulfides, Ni, Co, i@} Ni
complexes, or artificial moleculssich as hydrogenase mimié%-113116]

The most active ceatalysts for the oxygen evolution reaction are Ra@d IrQ.12% More
costeffective ©-catalysts employed for the oxygen evolution reaction are for example
CoQ, Ca0y, cobaltphosphate CoPi), MnQ,, FeQ, as well as 83Ny, therein especially
Co based caatalysts receiva lot of attention[106]

Coreshell RRCrOz and RhCrO;s are the most activeo-catalyss used for overall water
splitting.[106.1171 Testal alternatives are for example Cw@)(l1l) mixed oxide nanoparticles
and coreshell cecatalysts NNiIO, or CrQ-NiQ,[10611&121] CpO;, NiO, andCrQ are
reported toinhibit the back reactionj.e.the photoreduction of @to water.!106]

The two most employedeposition methods for @-catalysts aran-situ photodeposition
and impregnation method?2123 In the presentedstudiesin-situ photodeposition was
used for the deposition of RELOs and Pt cecatalystvia addition ofeither an aqueous
solution of NasRICE, K:CrQ, or BPtCé to the photocatalyst suspension and subsequent
deposition of thecorresponding caatalyst by light irradiation<3l The mpregnation
method was performed for the deposition of Co@a dispersion of the photocatalyst in

aqueous Co(N£y solution, evaporation, and heat treatment in Ntdnd airl?
Heterojunction @mposites

The formation ofa heterojunction compositecan result in an improved charge carrier
separation bycharge carrier transfebetween the two composite materials, resulting in
improved photocatalytic activityas shown inFigure 9.1 Heterojunction composite
formation can furtherenhance the light absorption range by combiniagisible light
absorbing semiconductor wita non-visiblelight absorbing materidf* Furthermore,the
stability of a semiconductor material ithe composite can be enhancef#¥ Such a
heterojunction composite can be either formed between different phaseéshe same
material,e.g.between anatase and rutil@r between different photocatalytic materials.
Heterojunction composites of two different components can be divided into three different
typesshown inFigurel1, depending on the VB and CB positions of the comporiétts.

a type | heterojunctiorfFigurell, left) the VB maximum of one semiconductor lies at more

positive potential and the CB minimum at more negative potential compared to the other
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semiconductor, resulting iaccumulation of botlelectrons and holem the semiconductor
with the smaller band gap and nanprovement in the photocatalytic activityThe
heterojunction composite of BaaOis-BasTasO15 seems to be a type | semiconductor
(Figure9), but the dfference in the VB positiois very small, compared tthe difference

in the CB minimum position, resultimyan improved charge carrier separatibgtransfer

of photoexcited electrons from the CB of sBa&Oss into the CB of B a&01s and an
improvedactivity [l

The most used heterojunction composites are type Il heterojunctions wghmum
stackedband positions of the two semiconductor mategatesulting in efficient charge
carrier separation and improved photocatalytic activ{fyigure 11 middle) Here the
position of the VB minimurof one semiconductolies at more positive potentiand the

CB minimum at less negative potential compared to the otb@mpound, resulting in
accumulation of holes in one and electrons in the other semiconductor material.

The charge transfer in type Il heterojunctions is similar that in the type I
heterojunctiors, only the offset of the VB maximum and CB minimum between the two
semiconductos is more intense compared to type Il heterojunctions with more negative
potentials of both CB and VB of one semiconductor than the CB of the other semiconductor
(Figurellright).

CcB

Figure11: Schematic illustration of different kinds sgmiconductoiheterojunctionswith charge
transfer; type | (left), type Il (middledndtype Il (right) Adapted with permission from Marschall
et al® Copyright 2013 WILEYCH Verlag Gnitb& CoKGaAWeinheim.

A direct Zscheme has a comparable structurethat of atype Il heterojunction, but the
charge carrier separation is differeBt! In this setup, the electrons in the CB of the
semiconductor wih the higher work function are transferred to the VB of the second
semiconductorviaa redox mediator and recombine there with the hol&8! The oxidation

can proceed at the semiconductor with the higherdation ability and reduction at the
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second semiconductor with the higher reduction ability, resulting in an optimized redox
ability compared to type Il heterojunction.

A good interfacial contact between the heterojunction components is requoedfficient
charge transfef?% Examples for type Il ditiphase heterojunctions are composites of
different TiQ phass such agiQ(B)/anatase or rutile/anatasé?>126l There are many
multicomponent heterojunctions of type Il includitige most investigated heterojunction
CdS/TiQor MgTaQ: N,/ TaONB84127.1281Gtability improvement as well as enhanced light
absorption together with improved charge carrier separation was obtained for
BasTa:015/AgVQ heterojunction[*?°]

Heterojunctions of nand ptype semiconductorsire especially efficied#! Additionally,
heterojunction composites of more than two compounds can be prepared. One example is
shown inFigurel2, a heterojunction composite @BaTa01s, BaTayO1s5, and BaT#Ds. The
charge separation in this three component heterojunction is further improvadpared

to the two componentheterojunctionBaTaO15, BaTaOss, resulting in further enhanced

photocatalytic activity?!

_______________________________________ - == _0,/H,0

+ Ba;Tas0y5 BasTa,0y5 BaTa, O

Figure12: Schematic illustration of a heterojunction oBaO:s, BaTaO15, and BaT#0s with the
corresponding charge transfekdapted with permission fror8oldat et al!, licensed unde€C BY
3.0.

2.2.2 Band Gap BEgineering

Although the three component heterojunctioBaTa015-BasTaiO1s-BaTaOs showed
enhanced activityijt still only absorbs Wight due to the large band gaps of the three
componentd?® Therefore,only a very small part of the solar spectrupif %)can be
absorbed by the single materials as welllgsthe heterojunction omposites. For the
absorption of a larger part of theokar spectrum, band gap reductioby band gap

engineerings a powerful tool.
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There are different approaches to lower the band gapto obtain visible light absorption

as shown inFigure 13, ether the lifting of the VB (I) odowering of the CB (ll) or the
continuous tuning of the VB or/and CB (i possible ways to reduche band gapt®

For transition metal oxides, shifting the VB maximum towards less positive potentials is the
most promising way, as the CB minimum in most semiconductor oxides is only slightly more
negative tharhydrogen evolution potential and the VB maximum often digantly more

positive than oxygen evolution potentiéf®]

g /~"~m\ Solar Spectra
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Figure13: Schematic illustration of three different poskiles of band gap engineeringdapted
with permission from Ouyang et &* Copyright 2011 American Chemical Society, adapted version
is reprinted with permission from Tong ef'&f.

The most effective approaches for the lifting of the VB minimum are the doping with 3
transition elements, cations with° or d'°s? configurations, and nometal elementg!30
Doping of Ti@with different 3d transition metal cations such &?*, \#*/V4*, T&*, NB*, or
W68+ was investigated and resulted in improved light absorption and photocatalytic
activity.[’6-1321 Also he Ni doping of InTaesulted in visible light absorption and water
splitting[*23] However, the 8 transition metal doping aa also result in increased
recombination probability and in suppressed charge carrier trasstee to introduced
defects and localized-states in the electronic structuré3?.134.135]

Multi-metal oxides with cations with electronid'® or d°s configuration are also
interesting, in whichadditional states are introduced abouwbe VB as for example in
CaBiO4, where occupied Bigstates hybridize with O [Rorbitals, forming the valence
band[136.13710ther examplesire oxides with Agor PZ+as well as photocatalysts with Cu
or Sr¢*, as for example Shexchanged layer titanates or niobates such a&8/8NbsO17 or

S#CsTisO13, SnkKicxTaWQ, or the S+ exchanged (111) layered perovskitesBBiOis
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as well aCulLa@!130:13&140 The [ight absorption of Shexchanged (111) layered perovskite
BasNbsOi5 could be enlancedby incorporating Sn$ asnew VB maximumreducing the
band gap to 2.35 eV for 40 % (Bnhexchangeand visible light activityn the oxygen
evolution reaction!39

Band gap reduction can be also obtaineddopingof nornrmetal elementsespecially with
nitrogen or sulfur. The nitrogen doping of the (}1dyered perovskite BaaOss results in
the band gap reductioby more than 2 eV, as shown kgurel4, asN 2 states hybridize
with O Jorbitals, forming the valence bartf! A reduction of the band gaand enhanced
photocatalytic activitypy nitrogen doping was also shown feeveralother metal oxides
includingTiQ, ZnOh -BkOs, CsTaWe) C9.6sTi1.8304, andproton-exchanged Dioldacobson

layered niobate perovskite/g>142149]

N-doped
BasTa,045

BasTa,045

+1.75

Potential / eV vs. NHE

(pPH=0)
Figurel4: Energy diagram of B&aO:s before and after itrogen doping Adapted with permission
from Mukherji et al** Copyright 2011 American Chemical Society

The reduction of the band gagf e.g. TiQ, gGNs, and" -BkOs by dopingwith sulfurwas

also showrwith S 3 statesthat are introduced in the VB43150.151CsTaWe@was cedoped

with nitrogen andsulfur, resultingn an increase of th& B maximunand decrease dahe

CB minimum and enhanced photocatalytic actiVitf. The tuning of VB maximum and CB
minimum can be achieved continuously by preparation of solid solutions such as
i -AgALxGa0 130131

2.3 PerovskitesType Metal Oxides and Qynitridesin Photocatalysis

Perovskitetype metal oxides as well dbeir derivatives layered perovskitgype metal
oxides are widely investigated materials in photocatalyassisillustrated by many review
articles!'5%159 They offer structuralsimplicity and flexibility, higrstability, and good

photocatalytic efficiency.
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The most stablédealperovskitetype metal oxidavith generaformula AB@exhibitscubic
crystal structureanda tolerance factor of = 1 Figurel5 a).[153.156.160IThe Bcation is 6fold
coordinated byoxygen, the B®octahedra are corner share@nd the 12-fold oxygen
coordinatedA cation is located at theenter. The A cation can be an alkali or an alkaline
earth metal as well as a raemarth element, while the B cation is a transition metal element.
The tolerance factor depends on the ionic radii of A, B, and oxygen and should be between
0.75 and 1 for a stablegpovskitell53156.160However, the ideal cubic crystal structure of a
perovskite is limited to tolerance factors very close to 1, smaller tolerance factors result in
a distortion and orthorhombicRigurel5b) or rhombohedral symmetry.

Layered perovskitéype metal oxides can be dividedtendifferent groups, the Aurivillius
perovskites ((BbO2)(Aw1BiOan+1)), RuddlesdesPopper provskites (An+1BniOzn+1 OF

A2  £1BiOsn+1), DiontJacobson erovskites(!  n@BnOan+1]), and (110)(AB:Osn+2) as well

as (111) oriented layered perovskité&1B.Osn+3).[1531%4 Figure 15 c-g show the crystal
structuresand exemplargompounds crystallizing in the§ge types of layered perovskite

metal oxides.
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Figure 15: Crystal structures operovskites and layered perovskites (oxygmms in red B-site
cations in dark lue with corresponding polyhedrarend A-site cations in green and light blue
Reprinted with permission @hang et al*>3 Copyright 2016 The Royal Society of Chemistry.

This thesis focused in the first part on the (111) layered perovskite metal oxides, in detail

on BaTaOis and the preparation of photocatalytically more efficient heterojunction
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composites with B a0isand BaTgOs.[Y (111) layeed perovskites are known for their
very good photocatalytic activiip hydrogen evolution reaction and overall water splitting
under UV light irradiatioff55-16%165]

The photoc#alytic activity of (111) layered perovskitesuldbeimproved by the formation

of heterojunctions such asSETaOi5-SeTa07, SETaO15-SeTaO-SrTa0:;, and the
already mentioned BasTa:O15-BasTas015 and BasTaO1s-BasTaO1s-BaTa0s.[t46:166] The
synthesis of nanosheets and flow#te nanospheres was also shown to improve the
photocatalytic activity*651671Visible light absorption together with enhanced activity could
be obtained forheterojunction composite8aTaO1s/AgVQ and BaTai015/g-CaNa.[129:168]

By substitution of A and B catishy other cations, the electronic and optical properties of
(layered) perovskiteéype metal oxides cabe easilyadjusted in a wide range with great
influence on the photocatalytic activity of the differeperovskite materialssuch aghe
already discussed Sn(ll) exchangethaf (111) layered perovskit®asNhy0;s.1139153] Ta
substitutionby Nbin BasTasO15(111) layered perovskitesults in thereduction of the band
gap with increasindNb amount and increasing photocatalytic activity in overall water
splitting.[*5% Furthermore, perovskite metal oxides offer a wide range of defect engineering
by substitution of A or B cations with higher or lower vakgmctroducing oxygen or A site
vancancies. An example for an oxygen deficient perovskite strué¢suBrownmillerite
(AcBx0x) 1531 Especiallyaliovalent dopingwith cations of lower valengeenhances the
photocatalytic activity by inbiting the formation of reduced B cation defect species as for
example T in SrTi@by G&* doping or Ni**in KNbQ by Zf*dopingt70.171]

Not only A and Bsite dopingwith cations but alsodoping with noametal compounds
such asitrogen or sulfur doping is ingéigated for(layered)perovskite materials, reducing
band gapsnd enhancing visible light absorptiéf148.149.153,158,12274] The second part of
this work was focused on the synthesis of nanostructucatic perovskite oxynitridd?
Most perovskite oxynitrides exhibit (distorted) cubic perovskite structure, but also a few
examples of oxynitrides witltayered perovskite structure are known, as for example
LbLaTaOsN, SeTaQN, or K:CaTaON-2H0.117%178 The dsomption ofa wide range of the
visible light and suitable band positions for watgplitting as shown inFigure 16 are

promisingpropertiesand the reasonvhy perovskite oxynitrides AB(Ogdyeaninteresting

24



group of materiad for visible light water splitting, especially BaNblQwith light absorption

up to 740nm[7:9.175.172185]

Potential vs. RHE

1 CaTaO,N s LaMg,;Ta,;0,N
SrTaO,N CaNbO,N (GaN), (ZnO),

BaTaO,N BaNbO,N  LaTiON
SENBO,N ;II

Figure16: Energy diagrams with band gaps for typical (oxy)nitrides (GaN}(ZnO) a specific
range is given represented by the obliqgue shad®eprinted fronDong et al!®® with data taken
from(®18%1%] Copyrightwiley:VCH GmbH 2021.
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There are different possibilities for the preparation of such perovskitaitrides, including
the conversion of (111) layered perovskitge metal oxides or cubic perovskitgpe
metal oxides by ammonolydis®%1%° During ammonolysijsthe precursor materials are
heat treated at around 1000C in Nklgas atmospheré! In case of the conversion of
(111) layered perovskite, the absorptiedge shifsfrom the UVrange into the visible light
range and a change in the crystal structén@m (111) layered perovskiterystalstructure
to the cubic perovskite crystal structurie observedas represented irFigure17 for the
conversion of B& aO15to BaTa@N.[1%)]

(111) layered
perovskite
Ba;Ta,045

Cubic perovskite

oxynitride
BaTaOZN
%0 0 %
0;:0 o .(b.
NH;
AT

trigonal

Figure 17: lllustration of cystal structure changey ammonolysis of the trigonal (111) layered
perovskitemetal oxide Be&laOisto the cubic perovskite oxynitride BaLad°%2%1(Ba ions in grg,
Taions in blue, and O ionsred with corresponding polyhedrons for Ba fgrand Ta (blue)).
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Heterojunctions andsolid solutions with cubic perovskite oxynitrides are for example
SeTa0r tNW/SrTaGN, BaZr@BaTaQN, MgTaOs«Ny/TaON, TaNs-nanorods/BaTagN,
and BaMg;TasOsxNy/TasNs, with improved activity insacrificialhydrogen evolution
photoelectrochemicaland Zscheme overall water splitting!28196.2022041 A quantum
efficiency of 6.8 % at 420 nfar Zscheme overall water splittingould be achieved faain
MgTaOsxNy/ TaONheterojunction asiydrogen evolution catalyst withitO-WQOz as oxygen
evolution catalysand |Gz /I as redox mediator.

One issue of perovskite oxynitrides is the generatiodefects, especially reduceddte
cations, due to thereducingsynthesis conditionduring ammonolysisThese defects, such
as T¥, NB*, or T4* are a major reason forthe rather low photocatalytic activity
consideringhe very good visible light absorptipas they acas traps and promote charge
carrier recombinatiort?>%207] Aliovalent dopingis anespeciallyimportant approach for
enhancement in photocatalyticficiency of cubic perovskite oxynitrideseducing the
amount of reduced Bite cationdefects[?%52%8] Substitution of NB* by C&*in BaNbGN
reduces the Nff defect concentration and enhancesirface hydrophilicity, resulting in
improved wder oxidation activity, even thoughhe band gap was increased by Ca
incorporation(?°® The visible light absorptigrerystal structureand crystal morphologgf
BaTa®N was nearly unchanged by dopi@b of thealiovalentions Mg?*, AF*, G&*, Sé*,

or Zr**, but the photocatalytic activitycould be enhanced for all iordoped BaTagN
samplescompared to the bare BaTa®due to differencsin optoelectronic and surface
properties?2%8 However it couldbe alsoshown, that cosubstitutionof BaTa@N with AP+
and Mg results inan increase of the band gap,nfore M¢* is substituted for T, but
still the photocatalytic activity compared tbare BaTa@N is enhancedvith higher Q
evolution, especially fohigherMg?* amounts.[2%9

It could befurther shown, that the photoelectrochemical activity of Baps@nd BaNbeN
can be enhanced by amdditionalargon treatmentto improve surface crystallinity and
reduce defect densit{#!%211 Furthermore, facetengineeringfor better charge carrier
separation in perovskite oxymitles could be an efficient way as it was shown that (100)
and (110) ceexposed BaTa® is 10 fold more active iphotocatalytic hydrogen
production than the only (100) facet exposed BaZ&?3'?
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2.4 Nanostructuring¢ Nanofibrous and Pavus Photocatalysts

Nanostructurings a promisingvay toimprove thephotocatalytic activityof semiconductor
materialsdue to lowering of the diffusion pathwasg for photogenerated charge carriers
(shown inFigure 18) and increasing the surface arel most caseshe recombination
probabilitydecreases with smallgrarticles sizé®!

All photogenerated charge carriers have a finite lifetime and mobility, depending on the
charge carrier type, the material, and the light intensity. The range of diffusigiven by

the charge carrier diffusion lengtls, which for holes is often shorter thdar electrons(®®!
Furthermore,Lpof the minority charge carriers decreases with doping of the material. The
diameter(in porous materials, the pore wall thicknesd)a material should be ideally two
times the diffusion pathway of the minority charge carrier additional to whdth of the
space charge region. This can be fulfilled for nanoparticles, porous materials, as well as for
nanofibers.

A high surface area is especially advantageous for photocatalytic degradation of organic
compounds since the adsorption of the organiclatule is the most importargtep in this
procesd! In this regard especially porous materialgith their high surface areaan be
beneficialdue to theirmesoporous network, which facilitates the access to the reactive
sites at the surface and promotes the diffusion of reactants and prodtliagssimportant,

that pore size angborosity are adjusted, as tcsmall pore sizes can result in mass transfer
restrictions for large molecules inside the por&%32'4 Particle agglomerates with
interparticle pores canlao be beneficial due to the smalledantenna mechanismthat
describes e increased electron transfer probability to -©atalysts due to the improved
diffusion of sacrificial agents through the pores of the agglomefat&l’! However,the
mechanicalstability of such particle agglomerates is lower compared to mesoporous
materials wih & NS | f gandisyathNaBcamodificdion of such selassembled networks is

not straightforward!#5103]

In overall water splitting, a highly crystalline materiabften more important than a high
surface area, as the recombination of photogenerdhtcharge carriers is the most
problematic process and high crystallinity results in reduced recombination centers in the
material® The amount of defectds often higher in materials calcined at lower

temperatures, which is often the case for materials with high surface ar&gsecially
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regardingthis aspect, it ca be beneficial to use nanofibroas porous materials instead of

nanoparticles in overall wat splitting, as the photogenerated charge carriers can be

spatially better separated in nanofibers and porous materials than in nanopatrticles, thus

reducing the recombination probabilitfFigure 18).1218] Furthermore, it is possible to

prepare hghly crystalline metal oxide nanofibeesg.TiQ, WQZ

| dEe@s, CaOs-CuO,

SITiQ, or (111) layered perovskite nanofiberi electrospinning[6:169.2122261 gnd highly

crystallineordered ordisorderedporous metal oxidese.g. TiQ, NkOs, ZnQ Ta0s, and

CsTawgl214.216,22¢234]
\\\ 02 H O
hv / 2
H+ 1
\ A\
H, ;
1/a

2L,

AN\
hv
& |-
/4
\ ‘e 4
TR0
, v
6 ¢
TS 2L
hv
|
1/a
2L,

1/a

Figurel8: Schematic illustration of the effect of size and morphology on the photocatalytic activity;
charge transport upon light excitation is shown for a bulk material (Eftganoparticle (top, right),

an unordered porous material (middle, right), aadnanofiter (bottom, right). Additionally,
recombination processes at grain boundaries and defestwell as recombination due to short
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shown. Adapted with permission from Kudo et. al. for nanopartigleSopyight 2009 The Royal
Society of Chemistry and adapted with permission from Walter et al. for nan&fide@opyright

2010 American Chemical Society.

28



For an optimum photocatalytic activity, a godshlance between high crystallinity,
crystallite size, short diffusion pathwgyand high surface area has to be found, depending
on the desired photocatalytic reacticaand the photocatalyst itself

Another important aspect is the light penetration deptli the material, which is the
distance after which the light intensity is reduced t@$f! It equalsl/h, in whichh is the
wavelengthdependent absorption coefficienin photoelectrochemistry, a film tbkness

of more than 2.3 time4&/h is necessaryor an absorption of more than 90 % of the incident
light.[8] Therefore, free standing nanowires can be beneficial as they offer a short diffusion
pathway for the photogenerated charge carricand they are long enough for the
absorption d light through the whole light penetration deptlasthe direction of light
absorption and charge carrier collection is decoupgtéd This can be also beneficial in
dispersion, although the light scattering in dispersiomiaximalcompared to filmg>8.218l
Compared to nanofiberand nanoparticles porous photocatalysts can exhibit further
enhanced light harvesting due to light reflection and scattering by the &%’ 1Besides

the highdensity of activesites and the enhanced light harvesting, porous photocatalysts
have the advantage of an easyecovery after the photocatalytic reactionand
reusability(236]

One very important aspect imanostructuring of photocatalysts ithe correlation of
morphology and surface area withe photocatalyic activity.Porosity is often correlated
with a higher amounbf amorphous parts at the pore walls in the material, which can result
in a higher recombination probabilif§?823° Therefore, the conversion of amorphous-as
synthesized mesoporous photocatalysts to a highly crystalline material while retaining the
porous structure is an important part in the synthesis of porous pbatalystgd24°!

One could expect bnear dependency ahe surface area and the taaty; however thisis

most often not applicabl&*! For thisthe photocatalytic reaction would have be carried

out under conditions for optimum charge carrier generation and lifetimrlew
overpotential ard allof the available surface area would hatebe accessibl&4241]
Especially in porousmaterials, a lot of parametersan influence the activity in sueéhway,

that this correlation is not linearg.g. pore sizes, pore size distributiothe pore origin

OAY G SNLI NI A Odzf I NJ LI2 NB fem@aInaturelfhartl templak2 oldét 4 0 >

template), and of course the material itseffherevaret al. introduced a methodology to
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correlate the relative increase in the surface area to the relative increase in activity in
comparison to a noiporous referenceé?*! This methodology allowetbr the comparison

of the data ofmany articles, as it eradicagenany internal parameters of the individual
reports and thus enables to correlate the activity increase with the surface area increase.
With this, it could be shown.that the pore size and the origin of the porese.
interparticular or template derived pores are not the origin for a linear correlatibre T
activiy enhancementather strongly depends on the typaf porogen used in the synthesis
with a close to linea correlation for hard templatelerived pores compared to soft
template engineered oned his can be explained by a narrower pore size distribution and
better defined poresn porous material®©btained by hard templating compared to soft
templating?*1 This can be beneficial feeactant and educt diffusior-urthermore, the
type of the materid has also a strong influence on the activity enhancemerg,carbon
nitride shows alose tolinear correlation; howeverTiG and TaOs deviate strongly from
this.[241]

This report gave a first inside on the influences of material properties on the activity
enhancement. Howevert is a singlgparameter analysis and in nearly all studies, several
structural parameters are varied at one time. This caadléo a more pronounced
scattering from the linear correlation. Furthermore, the use of a suitable reference material
is very impaetant in the research on porous materidté! Different synthesis conditions
can havea pronounced effect on the activity. It could be suitable to prepare the reference
material in the same way as the porous material without using the porogen to have
comparable synthesis conditions. Comparable taflite sizes, crystallinity, defect
concentration, as well as phase composition of a reference material are ideal, alttiaigh
design of such an ideal fiexence is challenging*!! Overall, a most suitable reference
material has tde selected and the fullcharacterization of thiseference mateial isvery
important.

Also other aspects havim be taken into account for future research work on porous
materials, including the distribution of ewatalysts in the poresthe adsorptio and
diffusion of sacrificiahgents products, and educt&ithin the pores, or facet engineering

inside the pores, and the influence of these parameter on the photocatalytic aditfty.
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This shows the possibility of property adjustments of porous materials in a wide range for
the optimization for their photocatalytic activities.

2.5 Electrospinningof Nanofibers

Electrospinning is one techniqder the preparation ohanofibers, vihich was used in the
second studypresented in this thesislt is a simple and versatile techniquéor the
preparation of 1D nanostructured materials such as polygneeramis, metal oxides,
composites, or carbon nanofibersSimplified, éectrospinnings the continuous stretching
of a jet of a highly viscous polymer solution in the presence of an electrid?fi@lthe first
work on electrospinning was a patefivented by Formhals in 1934, wheported about
the preparation ofartificial filaments by spinning cfolutions of cellulose derivatives by
applying an electric field between the nozzle and a second electtédd.he research
interest on electrosmning was firstfocused on the preparation gbolymer nanofiber
materialsl?4424¢l The syntheis of metal oxide nanofiberby electrospinningwas first
reported in 200Zor aluminaborate oxide nanofiber&4]

Figure19 shows a schematic illustration oflmsicelectrospinningsetup with a syringe
pump, equipped with a syringiled with the electrospinning solution and the spinneret

(camula), a high voltage supply, and a collector, in this case a rotating drum.

Taylor cone

[ Y
- Bending instability

uo1393||02 pue
uonedlyipt|os +2qi

i : Jet initiation
Syringe pump with i :
syringe filled with an IrTear Jet
precursor in polymer High voltage

solution “7

1-1.5 kV/cm

Figurel9: Schematic illustration of an electrospinning process.

In the first step of a sajel electrospinning fometal oxide nanofibers, a spinning solution,
which isan inorganic sol or a solutiomsisting of a spinning polymand a precursor such
as an alkoxide, a satir polymer precursor needs to be preparB¢f! In asecond step the
electrospinning proces®liows. The solution is pumped with a constant rate through the

cannula. A high voltage is applied between the cannula and the collector, which is in the

31



range of 1 to 30 kV, resulting fingin the formation of a Taylor conand seconty in the
formation of a liquid jet from the nozzle. This jet elongates, solvent evaporates, and fibers
are collected at the collectd?#22481A humidity and atmosphere control can be necessary
in the electrospinning process of metal oxide nanofibers due to moisture or air sensitivity
of the precursorscontrolling the solgel process in the jé#*¢l The obtained fibers are
composite fibers of polymer and precursor. In the third step, todlected fiber mat is
calcined to remove the spinning polymamd to crystallizéehe metal oxide?48]

More detailed, thespinning process can be divided in four steps, the jet initiation, the
rectilinear jet, the bending instabilésand the solidification of the fiber, as represented in
Figure19.249.250 Figure 20 left shows processes and forces acting in a Taylor cone in the

presence of an electric fielgp1c253]

Nozzle 2
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Gravity }
and Pressure &
“Surface i & y) © +—Bead
+ _tension + Jet -h"k'ﬂk-“ll" ‘(‘\ I-'nrnmliu»n
+ into droplets (due 10 mutual force
+ + Surface charge : # of repulsion)
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Normal electric stress N Conductfon current
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\ l+ l
Electric polarization stress+ Elockric fald
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Substrate
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Figure20: Schematidlustrations of processes and forces acting inside a Taylor cone in peesfen
an electric field (left)Adapted with permission from Singh et?at, licensed unde€C BXIC 3.0
according to Hartma#f? and Aramide et df*®) and different modes of jet instabilities in
electrospinning (right) (Reprinted with permission from Bagchi &t*&Copyright 2015 Edsier).

When an electrical field is applied, the positive and negative charges in the spinning
solution are separated. The charges opposite to the charge applied to the nozzle are

repelled and transfer to the surface of the spinning solution. The repulsive Coulomb
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interactions lead to the deformation of the solution at the needle tip. Electrical forces,
Coulomb and dielectric forces, are balanced by surface tension and opposite viscous
flow.[?51 The electic field can be enhanced up to the point whatearge repulsion is more
intense than the surface tension. At this poitite Taybr cone and a jet forn*°% That jet
moves linearly towards the collector with reducing diameter due to solvent evaporation
and longitudinal deformatiof?*! This rectilinear part of the jet is as long as the bending
instabilities become dominaniThen the jet starts whipping as shownkigure 20 right

with decreasing jet diameter and increasing loop diam&®t.Besides the whipping
instabilities, other instabilities,e. Rayleigh and asymmetric instabilities can occuUfifjure

20 right).[?54.2%%1 The axisymmetric and whippingistabilities are electric fiekhduced
instabilities, which increase with field strength, at the same time the Rayleigh instability is
suppressed?®® On their way to the collector, the nanofibers are solidified,the solvent
evaporates, with increasing evaporation rate the thinner the nanofibers are. Then the
nanofibers are collected and are calciriéd!

There are many procegparameters irelectrospinning thatcan be adjusted to tailor the
properties of the nanofiber material such as the nanofiber diameter or morphology.
Bloesseret al. tested systematically the influence of the cannulallector distance, tip
collector voltage, and viscosityn the nanofiber diameter of B&ia:Oss fibers and could
show, that the viscosity of the spinning solution has the most pronounced effect on the
fiber diameterl?26l Thereby the viscosity as adjustedrziathe amount of spinning polymer
used in the spinning solution. The diameter could be tailored in a range of 100 to 300 nm.
These nanofibers were also tested for their photocatalytic activity in overall water splitting
and a diameter dependdrphotocatalytic activity with an optimum nanofiber diameter of
161 nm was foundThe same group could prepatiee already mentionedheterojunction
nanofibers BsT axO15-BasTas015 with tailored nanofiber diameter®!

Hollow and densé -FeOs; nanofibersused asa photoanodecould be prepared by the
adjustment of the humidity in the electrospinning chamU#! 40 %of humidity resulted

in dense nanofibers, while 2% yielded hollow nanofibers. By dispersing indium tin oxide
(ITO)nanoparticles in the spinning solution, ceskellh -FeOz/ITO composite nanofibers
could be prepared with &umidity of 25 % in the spinning chamber resulting in improved

photoelectrochemical activityl'his example also preserttsat not only polymer or segel

33



solutions can be electrospun for the preparation of nanofibers, but also particle dispersions
as for «kample shown for Tinanofibers?'® Another approach to synthesize hollow or
core-shell nanofibers is the coaxial electrospinning, which uses multiple concentric
spinnerets to cespin different electrospinning solutiof’]

One way to gain mesoporosity in nanofibers by electrospinning is the ustesedt kinds

of polymersas for example polyvinylpyrrolidone (PVP) togethdh polyethylene glycol
(PEG). It was shown for £»-CuO composite nanofibers, that PVP is responsible for the

fiber morphology and PEG introduces the mesoporosity in the nanoftzérs

2.6 Preparation ofPorous Photocatalystsvia SotGelSynthesis

Themost commorusedpathwaysfor the synthesis ofordered) mesoporoumaterials are

the hard and softtemplating approaches, which use templates as structure directing
agents for the formation of the mesoporous netwdtk*236Other synthesis approaches
are selfassembly mthods, etching processes, or topotactic transitid#i€!

One versatile technique for the preparation of porous materials is theyskdynthesis
GKAOK | fft26a F2N GKS SEOSLIiAz2zylf O2y (NPt
properties[?5%2621 Such a sefjel processtarts with the formation of a sol, followed by the
formation of a gel?58259263IA sol is a dispersion of colloidal particleih diameters of
1-1000 nm and a gel is a 3D sponglke solid network which encapsulaea
solvent[?58259.2631 The main reaction processesvolved in such a sa@el process are
hydrolysis and condensatioreactions Figure 21 right).[258.259.2631The most important
approach in segiel chemistry is the metal alkoxide route, however a lot of other precursors
can be used for the s@el preparation method?>9.263.264]

Aerogelsare one very interesting group of materigighichare preparedvia such asokgel
method. These aerogetdfer a very low densitylarge open pores, as well higyh surface
areas.[258.262.263,265 gpacially theailoring possibilitie®f material propertiesareinteresting

for photocatalytic applications, as they can be adjusted depending on the desired
application. For example,DeSarioet al. could show by use of intensiyodulated
photovoltage and photocurrent spectroscopy that the weight fraction of the precursor
during the synthesisof a TiQ aerogel has a drastic effect on the electron lifetime and

mobility, and thus on the photocatalytiactivity in hydrogen generatiod®! With
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increasing precursor concentration, an inase in the lifetime of photogenerated electrons
could be observed, which correlated with an activity increase in hydrogen evolution. At the
same time, the electron mobility decreased, which indicated trapping sites as reactive sites.
The oxidative degradain of dichloroacetate depended only weakly on the electron
mobility as this reaction is mainly driven by direct hole transfer to the adsorbed chemical.
Due to these unique propertiesof aerogels the third studyin this thesis was focused on
TiQ aerogels with adjusted material propertiés.

Figure21 shows a schematic illustration of tle®lgel synthesis procedure for an aerogel
and additional chemical reactionse. hydrolysis and condesation reactios, occurring

during the synthesis of &.g TiQ, aerogell258:259.263]

s 5 mixing of the
precursors
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HO H
HO H

(1-1000 nm)
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Figure21: Schematic illustration of the preparation of aerogels by ayebprocesgleft) (Reprinted
with permission from Husing et &®Copyight 1998 WILEYCH Verlag GmbH) and chemical
reactionsoccurring duringhe solgel process of titanium alkoxides.
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The first step insuch a sebel process is the preparation of the precursor solution.
Important parameters in this step are the type and concentration of the precursors, the
type of sovent, the ratio between water andlkoxy groups, as well #s temperature and

the pHvalue!?8l

Hydrolysis and condensation of the partially hydrolyzed species follow, and the sol is
formed. The condensation reactions further procdeesides the hydrolysisi.e. gelation
starts. These condensation reactions can be either water condensation or alcohol
condensation reactionsigure21 right.[258.259.263]

Thefollowing aging step is an important step for consolidating the wet gel structure by
continuous codensation processes, which stgyith a spontaneous shrinkage andinwerk
densification, d@endingon time, temperature, pH, and the nature of the aging fluwthich

could be shown byin-situ nuclear magnetic resonance measurements by Snaith
a|_[258,263,26l269]

The last step in the synthesis of aerogels is the drying process, which can be done by
different methods, e.g. supercritical drying orfreezedrying!?58.259.2631 A conventional
evaporationdrying often results in a shrinkage the gel and collapse of the porous
network due to caplary forces acting inside the por&88259.263The resulting product is
known as a xerogel with significantly lower surface area me volume and reduced
photocatalytic activitycompared to aerogel§#258.259.263.265 Therefore, other drying
methods i.e. supercritical drying or frezedryingare used to avoid the shrinkage and the
occurrence of capillary forces. The used method in the herein presented study was the
supercritical dryingvith CQ.1! In this procesghe solvent is replaced by supercritical 2O
thereby preventing capillary stresses due to elimination of liguagor interfaced?58.259.263]

The temperatureof the supercritical dryig process can have significagffects on the
textural and structural properties of aerogets well as on the photocatalytic activit§27C]
Brodskyet al.varied the drying temperaturéor TiQ aerogelsn a range of 348 473 K270
Althoughthe BET surface area of ti@éQ® aerogels remained constant, the specific pore
volume increasedand the pore size distribution broadened and shifted towards higher
values with increasing drying temperature. Furthermore, crystallization was facilitated by

higher drying temperatures.
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3 Synopsis

With regard tothe evergrowing energy demandthe rise in C® emissions and the
finiteness ofcarbonaceous fossil fueéserves the reduction of energy consumption and

the use of renewable energy sources have to play an importaatinathe upcoming years

to diminishthe harmfulconsequenceson® ¢ 2 NI RQa Of AYIF GS®d . S&A R

every humanbeing to the reduction of energy consumiph, scientists carwork on
reducingthe energy consumption in laboratories,.g. by developingenergy efficient
syntheses routewith low impact on the envonment Furthermore, the syntheses of
highly efficient ad stable photocatalysts fosolarlight induced water splittingor the
generation of clean and renewable hydrogen as an alternative energy casrigell as an
energy dficient synthesis of othemportant chemicals such as ammoisavery important
This thess paid attention to these apectsusing energysaving synthesis routes and
additionallynanostructuring for the preparation gfhotocatalystswith focus on hydrogen
evolution, overall watersplitting, and a first test on ammonieatalyticproduction

As introduced, (111) layered perovskites are kndarrtheir highphotocatalytic activity
in the UV range. In the first part of this thesis different synthesis strategies for such (111)
layered perovskites were tested, including sedtdte reaction, electrospinning of
nanofibers, and different citrat route-based synthsis routes. Thereby, an energy saving
route for the synthesis of composite materials with (111) layered perovskg€agaus as
main phase was developét This first studys based omesearchpublished by Marschall
et al. and Soldaet al., who synthesized different barium tantalate composiésa citrate
route and tested their photocatalytic activity® Enhancedactivity was found for the
BasTasO15-BasTauO1s composite compared to phagsure BaTaOis by Marschallet ali!
The improved charge carrigeparation in the composite could be verified labgr use of
transient absorption spectroscopy?’* Soldat et al. prepared more complex
multicomponentbarium tantalate composites and found the highest photocatalytic activity
for the three component composite BaaO15-BaTaO15-BaTaOs. Therefore, this three
component conposite was focus of the first stuay this thesisTherein the citrate route
synthesis used in the studiesf Marschall and Soldat was optimized energeticaltye
calcination temperatur@ndreaction timein the citrate route synthesis, ad in the named

papers arealready lowercompared to soliestate synthesisHowever, we were able to
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further optimize this synthesis engetically bysystematically adjustinghe synthesis
parametersi.e.the amount of NHand HN@solution This resultedn a different extent
of the combustion reactioand increasing crystallinity with increasing amaauoitNH and
HNQ solution (Figure22 a). With this, we were able to synthesize directly crystalline
BaTaiO1s-BaTa0O15-BaTaOs compositeat ambient pressure and at comparatively low

temperatures. An additional calcinatictep is not necessagnymore
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Figure22: XRD paerns of (a) powder precursors depending ors &l HNQamountand of (b)
calcined powders. Reference line pattern offBdD:s (JCPDS £8193/JCPDS 7Q@631)is shown for
comparisor!

Furthermore the composition of the composite could be tailored withsB&aOss
representing the main phase for all samp{Egyure22a, b). The synthesidirectly yielding
a crystalline productresulted in12 % of Bal'asO15 and 12 % of Bat@s, asrevealed by
Rietveldrefinement.

The typical intergrown sheelike structure of B&l &Ous, only visible inSEM imageafter
calcination for samples prepared with 0 mL, 2 mL, and 8ffHNQ wasalreadyobservable
in the non-calcined directly crystallinesample pepared with4.5 mL ofitric acid(Figure
23). The high crystallinity of this sample could be additionally verified by TEM
characterization.

TheU\,vis measurementshowed themain absorption edgef BasTaO1s with 4.3 eV to
4.4¢V forall samples and an additional shouldetated to BaTaO1s with a bandedge in
the range 0f3.6 eV to 3.8 eV
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Figure23: SEM images of calcined powder precurgoepared with (a) 0 mL ¢iNQ, (b) 2 mL of
HNQ, and (c) 3 mbf HNQ, compared to (d) thdirectly crystalline samplprepared with 4.5 mL
of HNQ.H

These composites were tested for their sacrificial hydrogen evolution activity in aqueous
methanol solutios, as well as for their overall water splitting activitpue to the
differences of the observed surface areas of the sampidsch weran the range ofange

of 2.5- 5.4m? ¢! with the smallest surface area for the naoalcined, directly crystalline
sample, the ga®volution rates were normalized to theabsolute surface area of the
samplesThereby, the norcalcined, directly crystalline sample, showibd highest activity

in sacrificial hydrogen and overall water splittiffggure24). The gas evolution in sacrificial
hydrogen evolutionwithout co-catalystwas nearly doubled for the necalcined sample
compared to the calcined samples witl2360umol H ™ mb*" compared to

D 1380umol h® '® for all calcined sample$his resit was inagreement with the results
from Retveld refinement, which revealegal nearly double amount of bghases in the non
calcined sampleompared to the calcined samples. This shows the positiextdf the
composite formation orthe photocatalytic hydrogen evolutiolRhCrOz co-catalyst was
photodeposited on the composites for the overall water splitting experiments. The addition
of Rh resulted in an increase of the hydrogen evolution, the deposition 6% €r the
expecteddecreae (Figure24 a). The enhancement after Rh degition wasrelatively low
compared tothe reported increase fophasepure BaTaO1s, which was also observed by
Soldatet al. and can be explained by a more effective chacgerier separation bythe

composite than charge carrier extraction by-catalyst from Bgl aO5.%
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The overall water splitting experiments showed a typical curve characteristic with a peak
in the hydrogen evolution in the beginning of the experiment. This can be explained by
oxidation of organic residues, which is supported by the carbon dioxide emol#iter all

organic residues are oxidized, the overall water splitting reaction starts and the evolution

of oxygen is detecte(Figure24b).
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Figure24: (a) Hydrogen evolution curves during photodeposition experiments and (b) hydrogen,
oxygen, and carbon dioxide evolution curves in overall water splitting experiments normalized on
the absolute surface ar€d.

A correlation between the amount of BEesOss in the composite and the activity in the
overall water splitting could be found, the higher thesBaO.s concentration, the better
is the overall water splitting activity. This further confirmed the improved charge carrier

separation in the BA aiO15-BasTas015-BaTaOs composites.
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This synthesis routeombines energefficiency andime saving without diminishing the
photocatalytic activity making it an interesting synthesis strategy for many other highly
crystalline and highly active semiconductphotocatalysts Therefoe, this synthesis
strategy should be also tested for visibight absorbing photocaglysts.

The preparedBaTaO15-BasTasO1s-BaTaOs composites ardnighlyactivein photocatalysis
however, they absorb only UNight. Therefog, the second studyn this thesis was focused
on the preparation of visibldight absorbing photocatalysts. Perovskite oxynitrides
AB(O,Nycan be quite easily prepared by ammonolysis of (111) layered peros;siite to
their structural similarity o6-fold coordinated B cations, corner sharedsB©tahedra, and
the 12fold oxygen coordinated Aationsin both crystal structureqsee Figure 17).
Nanostructuring 6 such perovskite oxynitrides hamt been discussed in detail so far.
Often micrometersized particles are obtained due to the high temperature of the
ammonolysis thus resulting in small surface arg®1° Therefore, this second study
focused on the conversion ohanostructured (111) layered perovskitesinto their
corresponding perovskite oxynitridevhile retaining the nanostructureéOne possiliity to
nanostructure photocatalysts and reduce the diffusion pathsvayf photogenerated
charge carriers ighe electrospinning of nanofibers. Hildebranét al. reported the
preparation of highly crystalline B€bOi5, BaTaO15, and BaNb,TaOis (111) layered
perovskite nanofibers by electrospinnif§’ The calcination temperature can be reduced
compared to the soligtate reaction. For example, crystallinesBbaO1s nanofibers can
alreadybe obtained ata calcinaion temperatureof 800 to 900°C. Bloessest al. reported
about the electrospinning of B&aO15 and BaTaO15-BasTasO1s nanofibers with tailored
fiber diametes.[62261 These results weréhe starting pointfor the second projecof this
thesis.Figure25 shows an illustration representing the aim of the second study. The idea
was toelectrospn (111) layeregerovskitenanofibers with tailorediber diameters ando
convert themvia ammonolyss to the corresponding perovskite oxynitridegetaining the

nanofiber morphology.
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Figure25: Schematic illustration dhe synthesis strategy for perovskite oxynitride nanofibers.

BaNsOis (111) layered perovskite nanofibers with tailored nanofiber diameteswere
electrospun andonvertedviaammonolysis Thenanofiber morphologyvas retained and

the nanofiber diametecould be adjustedn a range of 135 up to 215 nrRi§ure26).

Figure26: SEM images of converted perovskite oxynitride nanofibers with diameters of (a) 135 nm,
(b) 156 nm, (c) 194 nm, and (d) 213 Bm.

The XRD pattermevealed in the first instance a complete conversion of thyered
perovskite nanofibers. éWever, a thorough characterization, including Rietveld
refinement, revealed the formation of a novdaNbON-BaaNbQsN perovskite oxynitride

composite Figure 27). This was only detectablby an asymmetric tailing of the XRD
reflections towards lower diffraction angles.
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Figure27: Rietveld refinement of converted perovskite oxynitride nanofibers with 158 nm.

Storing the BaNbf-BaNbQN perovskite oxynitride composite at ambient conditions
resulted in the formation of BaG@nd simultaneous reduction in the amount of2BlaGN

as also revealed by Rietveld refinement. Suemetoal. had comparably showed the
decomposition to SrC{or the isostructural STaQN.'"71 The amount of BaGOn the
BaNbGN-Ba&NbQGN composite nanofibers was in the range ef t. %, that of BANbGN

was in the range of 183 wt. %, and BaNb@ represented the main phase with -71
78wt. %.

XPS, EDAnd EA measurements revealed a slight barium excess, a nitrogen deficiency, and
oxygen excess in the nanofibers due to surface oxidation.

UV-vis measurements further supported the results of a BapbBaNbQN composite
formation and revealed a reductioaf the band edge by more than 2.0 eV from 3.9 eV for
BasNbsOs5 to 1.8 eV for the converted nanofiber composities the indirect transition
(Figure 28). BaNbGN is an indirect semiconductor with band edge agproximately
1.8eV.[1842061Based on theoretical calculations BE&QN is a diret semiconductor with a
bandgapof 2.0 to 2.13 e\E’]

Band edges obtained for the direct transition were slightly higher with 2.6 to 2.8 eV.
However, calculated band edges are often smaller than measured ones as it is also

applicable for BaNbf\ with a calculated band edge o#leV to 1.6eV[?72
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Figure 28. (a) Kubelkaviunk U\vis spectra, (b) indirect, and (c) dir@cuc plots of converted
BaNbQN-BaNbQN nanofiber samples and 8,015 nanofibers?

The BaNbeN-BaNbQN composite nanofibers were tested for their photocatalytic
hydrogen and oxygen generationnder irradiation with a 500 W doped Hg lamp
(<>300nm). All nanofibers were able to produce hydrogatna rateof ~1.0umol it m2
without the addition of cecatalyst(Figure29). After additionof an optimized amount of Pt
co-catalyst, a diameterdependent hydrogen evolution activity was obtained with an

optimum nanofiber diameter of 213 nmith a hydrogen evolution rate &.1umolhtm=,

—— 135 nm
F —— 156 nm
—— 184 nm
——213nm

w
o

Hydrogen evolution rate / pmol h™' m™?

Time /h

Figure29: Hydrogerevolution curves of converted BaNbEBaNbQN nanofibers normalized to
absolute surface areld.
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Areported CoQ impregnation method with subsequent calcination ss@ép ammonia and

air was performed for theeposition of oxygen evolution ecatalysts?”3 This resulted in
the formation of CoNb@and hexagonal B&lb,Os. These CoNbOdecorated nanofiber
samples were tested for their oxygen evolution activiBigure 30). Again, dameter
dependent evolution rates were obtained with an optimum nanofiber diameter of 213 nm
with an evolution rate of 41.8mol m?in 2 hours.

Photocatalytic measurements with3®0 W Xe lamp equipped with an AM1.5G filter on the
most active naofiber sample with 213 nrdid not show any gas evolutip@although the
samples absorb a wide rangetbé visible light. This can be explained by the lower photon

flux compared to the Hg imersion lamp.
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Figure 30: Oxygen evolution curves of converted BapbBa:NbQN nanofibers normalized to
absolute surface ared.

Overallwater splitting measurements on the most active sample decorated with Pt and
CoNbQ under irradiation of 8600 W doped H lampresulted in only small gas evolution
rates with the highest evolution rate for nitrogen, suggestiag preference for
decomposition of the sample under these conditions. Compared to this, only negligible
amounts of nitrogen were detected in the sacrificial hydrogen and oxygen evolution
experiments.

Further investigations in the future dhe reasorsfor the low photocaalytic activity under
solarlight irradiation and the diameter dependent activity should be performed to
optimize synthesis conditions for optimum photocatalytic activiNevertheless this
synthesisroute can be used for the synthesis of other nanostauetl perovskite
oxynitrides and is a starting point to establish other novel nanostructuring strategies for

perovskite oxynitrides.
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Besides electrospinning, other nanostructuring strategies can be similarly or even more
effective to improve photocatalyticactivities. One of them is the generation of
mesoporosity,i.e. in aerogelsAerogels are8D nanostructures of interconnected porous
networks with ultralow density and high surface are8%¥274l They are arinteresting
group d materials, as they offethe possibiliy to tailor surface area andrystallinity in a
wide range!*12 The high surface area and puesably high amount of reactive sites, as
well as short diffusion pathwayfsr the minority charge carrierand animproved charge
carrier separation are advantageous for photocatalytic applicatiéh¥®627°10One of the
most investigated semiconductor materglfor photocatalysis, including in the form of
aerogelsjs TiQ.[4346:47.52.214.260hjs metal oxid was used in the third study diis thesis,
which was focused on thghotocatalytic hydrogen evolution anglectron storage ability
of mesoporous TigaerogelsThis thirdstudypaid also much attentiorio the ability of the
synthesized Tigaerogeldo store photoexcited electronsvhich can be used fdater dark
reduction reactions.The group ofBahnemannet al. performed different reduction
reactions with such stored photoelectroms TiQ, e.g.reduction reactionwith silver ions,
gold ions, oxygen, hydrogen peroxided viologen compound3d’&279 A very promising
reduction reaction using storephotoexcitedelectrons is the nitrogen reduction reaction
for the production of ammoniawhichwas first reported by Bahnemarat al.in 2011for
stored electrons in Tig)?8% This reaction can pave the way to an energy efficiamd
decentralizedproduction of ammonia, whiclis commonly producedia the extremely
energy intensiviHaberBosch proces®ammonia is the second most produced chemical in
0 KS & 2 NI iRdustrigf fRoductiorfveé the HaberBosch process caused® of the
annual global energy consumption536 ofthe natural gas consumption, and 1.6 % of the
global C@ emissiond?®!] Therefore, sustainable processes, such as aleatalysis or
photocatalysis havéo be established to reduce the energy consumption avadid the
release of C® For ntrogen reduction reaction usingtored photoexcité electrons
materials with highelectron storage abilityand the possibility to use thesalectrons for
the reduction reaction are needed. For this, we testedb Bi€yogels with their high surface
area. It is already known, that electrons in F&De trapped close to the surface of the
material and that P states are formed, which show a characteristic dark blue coloration,

i.e.a broadabsorption at a maximum of 650 ni§1%:277:28®821 Fyrthermore, it was reported
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by Panayotowet al., that TiQ aerogels offer a higher density of photoexcited electrons
compared to Ti@nanoparticled!? These characteristics are the reason for the use of TiO
aerogels as they seernto be promising materials for electron storage and future
applications in ordemand reduction reactions.

The TiQ aerogels were preparedria a novel acid catalyzed sael synthesis with
subsequent gpercritical drying (see Figure31). The aeroged were used asynthesized
and werealso calcined at temperatures of 300, 400, and 500t%€as possible teeduce

the aging time from more than 40 dagewnto 7 dayscompared to reported literaturel?8

Mixing of precursors, Gelformation Superecritical drying
S~ hydrolysis, (3d-network)
condensation ageing

Figure 31: Schematic presentation of synthesis procedure and images pWweiel (left) and
aerogel (right)?

With this synthesisa semicrystalline assynthesized Ti©aerogel could be obtained with
10wt. % of crystalline anatase T his semcrystalline character was confirmed by TEM
measurementsThe calcined Tiaerogels did all exhibit anatase crystal structure as can
be seen irFigure32.

Physisorption measurements revealed a decrease of the specific surface area from
600m?g? for the assynthesized aerogel down to 922rg?! for the aerogel calcined at

500°C.
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Figure32: XRD patterns of the esy/nthesized TiCaerogel (black) and aerogels calcined at 300 °C
(red), 400 °C (blue) and 500 °C (green). Reference line pattern of anatagfDR1-1272) is
shown for comparison. Normalized data to the range 0 to 100 relatéiae highest signaf!

These aerogels were first tested for their sacrificial hydrogemolution activity by
irradiation with a 300 W Xe lamf-igure 33). The hydrogen evolution activity ithout
co-catalyst decreased with increasing surface afBlais can be explained by the better
crystallinity of the calcined aerogelat the same time, aalor-change othe dispersions
from colorless tdlueish was observed after irradiation. This blueish coloration was more
intense the higher the surface area of the 7&rogel ands an indication fora Tf* state
formation and storage of electron3.he addition of an aqueous 4RtC} solution to the
dispersionsn the darkresulted in the evolution of hydrogen without light irradiation, due
to the reduction of Pt'to P and the formation of a Schottky contact. The coloration of
the dispersion disappeared at the same time. The intensitiafhydrogen evolutiorpeak

was the higher, the darker the dispersiohhis wasa further indication that the as
synthesized aerogehas the bet electron storage ability. This bettaability to store
electrons can be explained by the high surface area and presumably highest amount of
surface defectgdue to the lack oheat treatment) in whichphotoexcited electrons are

trapped ashasbeenreported by Ikedaet al 284
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Figure 33: Hydrogen evolution rates over time of the-ggithesized (black) and calcined 2TiO
aerogels, 300 °C (red), 400 °C (blue), ®0(green); Measured withbgo-catalyst for the first

100 min; then measured with 0.0076 pmol#Pt as cecatalyst ¢ 0.1 wt-% for the asynthesized
sample) for approx. 30 min without irradiation. The photographs show the dispersions before

irradiation, and after 100 min irradiation with 500 °C, 400 °C, 300 °C asyn#isesized sample
from top to bottom!®

The amount of the stored electrons was quantifiéd the reduction reaction of Ptto P
in the dark and &high resolution detection of the evolved hydrogera online mass
spectrometer, includingommercial anatase nanoparticles for compariseig@re34). The
amount of evolved hydrogen increased as expected with increasing surface area and

deaeasing calcination temperature of the bi@erogels.

- 1204 -
< b
(]
E 100 il
: z
(0]
E 80 1
g 1
= 1
_g 60 '3
N
o 40 Y %
o , e
2 , %
I 204

0 v T N T

0.0 0.1 0.2 0.3 ' 0.4 0.5 0.6 0.7
Time /h
Figure34: Hydrogenrevolutionratesin the dark for the quantificationof storedelectronsin the as-

synthesized (black300 °C(red),400 °C(blue),and 500 °C(green)TiQ aerogeland in commercial
anatase(purple)for comparisonThesamplesvereirradiatedfor 100min and it was waited that K
evolution was 0 pmol-h(this time was set to 0 h here), for a stable baseline for curve integration,
then Ptsolution was addedfter 0.2 h to reach 0.1 w6 and the hydrogen evolution was measured
until no evolution was detected anymdte.
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The amount ofstored electrons was determined by thaategration of the hydrogen
evolution peak. It were2 pmol of electrons for the asynthesized aerogel and decreased
for the calcined aerogels down to 4i8nol of stored electrons for the 50 calcined
sample. The commercial anatase nanopatrticles stored 13 pumol of electrons, which was in
the same range as the 30C calcined aerogel, which hasly around half of the surface
area of the commercial anatas€he assynthesized Ti©aerogel stored 1.7 times more
electrons than the commercial anatase nanoparticl€se 500 °C calcined ti@erogel
stored only 0.22 times electrons compared to thesgsthesized aerogel, however it
showed 4 times higher hydrogegvolution activity. This shows that the properties of
aerogels can be tailoreahd optimized depending on thettesiredapplication.

Additionaly, absorbance measurements of the Ti@erogel dispersions before and after
irradiation showed the characteristibroad alsorption of T#* with a maximum at
approximately 600im. The absorption increase after irradiation was decreasing with
increasing calcination temperature, further supporting the results that the electron storage
ability decreases with the calcitien temperature.

It could be concluded from the results that thesmthesized aerogel offers the best ability
to store photoexcited electrons. Experiments on the influence of the methanol
concentration on the electron storage ability showed, that timecaint of stored electrons
depends on the methanol concentration and increases with increasing concentration.
The use of such Ti@erogeswith high electron storage ability subsequent darkitrogen
reduction reactioncould be of high interest as introduced. Therefore, thesgsthesized
TiQ aerogel was also tested for the ability to reduce nitrogen. For this, it was first charged
as usual under Argothe lamp was subsequently turned off, athén nitrogen was flushed
trough the dispersion for several hoursstead of ArgonAfterwards, asalicylate testvas
performed, which showed a positive test result with the formatiorbefg L* of ammonia.
This result paves the way ftuture research on the optimization of phmtatalytic nitrogen

reductionand other reduction reactionwith such aerogels.
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Abstract

The BaTaiOis-BaTasO1s-BaTaOs heterojunction was synthesized for the first time at
ambient pressure and mild temperatures without further need of calcination. By
systematically adjusting the synthesis parameters, the composition of the composite could
be tailored. Detailed Rietveld fieement revealed the highest amount of yphases for the
non-calcined sample with around 12% of:BaOis and 12% of Balt@s, respectively.
BasTayO15 represented the main phase for all samples. The-oalcined heterojunction
showed the highest activitjiphotocatalytic hydrogen production with 23¢Mnol hlm®>2
corresponding to 118Qumol hP! without any cecatalyst. A RICrO; co-catalyst was
photodeposited on all samples depending on the surface area for overall water splitting.
All samples were activa ioverall water splitting. This novel synthesis strategy paves the
way towards a general lowost and energygaving synthesis route to achieve highly

crystalline and highly active metal oxide semiconductor photocatalysts.

64


http://creativecommons.org/licenses/by/4.0/
mailto:roland.marschall@uni-bayreuth.de
https://doi.org/10.1088/2515-7655/abc07a

1. Introduction

Since thebeginning of research in photocatalytic hydrogen production and overall water
splitting, many semiconductor materials have been investigated as possible photocatalyts
[1¢5]. One group of materials are (111) layered perovskigg@s( A = Ba, Sr; M = Nb, Ta)
[6¢10]. They are highly active in photocatalytic water splitting under UV light due to their
layered crysthstructure, which offers additional reaction sites in the interlayési[l].

The photocatalytic activity of the wideand gap material BdaO.5 can be improved for
exampleviaammonolysis 12, 13], or by formation of heterojunctions such assBaO1s-
AgVQ[14], and BaTaiO15-g-GN4[ 15], thereby gaining visibight absorption properties.

Different synthesis strategies for semiconductor materials such §lsa€as are known,
the most used is the solid state reaction due to its simplicitylp, 17]. However, the
necessary high reaction temperatures and times result in the formation of large particle
sizes in the range of several micrometres, and therefore very low surface areas. For
example, BalaOis5 requires 24 h at 1150 °C synthesis time and temperature, wisich
highly energyconsuming 17].

Alternative synthesis methods for layered perovskite$1£0:s are the fluxassisted
method [L3, 18], hydrothermal synthesisll, 15, 19, 20], the polymerisable complex
method [7¢9], electrospinning 31¢23], solgel synthesis 44, 25], as well as a citrate
synthesis route 46, 27]. Such synthesis methods need either high temperatures, high
pressures, long reaction times or additional calcination steps.

For example, BaaO5[26] and the multicomponent heterojunctions BEaOis-
BaTaOis and BaTaOis-BaTaOis-BaTaOs[27] were prepared by adjustment of the
precursor ratios in a citrate synthesis route. Powder precursors obtained in this syntheses
need to be calcined to obtain the final crystalline products. The heterojunctionseshaw
improved photocatalytic activity compared to phagare BaTaO15[27]. The formation of
the threecomponent heterojunction B aOis-BasTasOis-BaTaOs resulted in a 70%
higher gas evolution rate in overall water splitting measurements wittCR®: as co
catalyst as compared to pure HaxO:5. An improved charge separation and extended
lifetime of electrons due to the electron injection from theACHi radical into the
conduction band of Baa&015(photocurrent doubling), revealed by laser flash photolysis

experiments on BA aOis-BaTaO1s and BaTaOis in Ne-methanol atmosphere, was
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shown to be the reason for the enhanced photocatalytic activity. Tedpplectrons
accumulate in the system. In case of the phpsee BaTa0:1s, the -CHOH radical acts as
recombination centre. Without methanol, no difference in the decay behaviour could be
found [28]. A comparison of the photocatalytic activity to phgsere BaTaOss via citrate
synthesis route is hitherto not reported, which can be explained with the complex synthesis
of BaTaOusreported by Fegeet al. This synthesis is highly energgnsuming as a pressed
pellet of BaTaO5, T&Os, and Ta needs to be sealed with Bafk tantalum ampule and
heat treated at 1640 °C for 12 Rq].

The group of Marschall synthesizedsBaOss, BaNbyO15, and BaNb,Ta:O1s nanofibers
by electrospinning 41]. Later they were able to adjust the diameter of sBaOis
nanofibers and B aO:s-BaTaOws heterojunction nanofibers and showed also an
improved activity for the Ba aiO15-BaTaO15 heterojunction compared to phaspure
BaTaOwis nanofibers. An intense interfacial contact and improved charge carrier
separation together with the photocurrent doubling effect were shown to be the reason
for the improved photocatalytic activity in the ogosite nanofibers, which was
demonstrated by variation of sacrificial hole scavengegs13].

Even in electrospinning a calcination step is needed to decompose the used spinning
polymer and to crystallize the layered perovskite nanofiber materials. In the citrate
synthesis route as well as in the d®spinning, the calcination temperatures are
comparably low and reaction times are shomterompared to solid state reactian
resulting in reduced particle sizes and a better energy efficiency of these two synthesis
methods. Energy efficiency is one of th2 principles of green chemistry in designing new
reaction processes3[)]. Synthesis at ambient conditions is one possible way to reduce the
energy consumipon of chemical syntheses.

Since the composite materials HaO15-BasTa015 and BaTayO1s-BasTasO1s-BaTalOs
have been shown to be much more active in photocatalysis than pbaseeBaTa;O1s, we
have developed a faster and more facile synthesisedat such composites. We present
an optimized citrate synthesis route followed by combustion, which allows the synthesis of
BaTaiO1s-BasTaO15-BaTaOs heterojunctions at ambient pressure and at comparatively
low temperatures without further need of calcination. This was achieved by systematically

adjusting the intensity of the combustion reaction. The photocatalytic activity of the
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synthesized powdersihydrogen evolution and overall water splitting experiments were
investigated. A noitalcined sample showed a higher photocatalytic activity compared to
the powders synthesized with an additional calcination step, despite having the smallest
surface areaThe reason for this is the optimized composition of the heterojunction,
resulting in improved charge carrier separation.

We think that this synthesis route could be an energy efficient way to synthesize many

other semiconductor materials without dimshing the photocatalytic activity.

2. Experimental section

2.1.Materials preparation

The heterojunctions were preparedha citrate synthesis route, using an adapted synthesis

of Marschallet al[ 26]. 0.7058 g EDTA (99.4%, Alfa Aesar) and 0.6283 g citric acid
monohydrate (Bernd Kraft) were dissolved in 60 ml water by adding different amounts of
ammona solution (25%,VWR) (either 3.5 ml, 4.2 ml, 4.5 ml or 6 ml). Afterwards different
amounts (2 ml, 3 ml, or 4 ml) of conc. nitric acid (65%, Bernd Kraft) were added. The
synthesis with 4.5 ml ammonia solution was done without addition of nitric acid. To
stabilize the highest oxidation state of Ta, 5 ml hydrogen peroxide (30%, Fisher Scientific)
were added. 0.9344 g Ta(O¥199.99%, abcr) were dissolved in 6 ml abs. ethanol (99.5%,
Acros Organics) and were added in portions while heating the solution t€90.7514 ¢
Ba(NQ)2( 99.95%, Alfa Aesar) dissolved in 10 ml water, were added in small portions. In all
cases, except the synthesis without addition of nitric acid, a clear solution was obtained.
The volume of the solution was reduced to approx. 10 mithed transferred in a heating
mantel, where the entire solvent was evaporated. The obtained powders were completely
black if no nitric acid was added with an increasing amount of white powder with increasing
amounts of used ammonia solution and nitric caclThe powder precursors with dark
components were grinded completely and were calcined at 1000 °C for 10 h (5"imin

air. In the case of the sample, prepared with 6 ml ammonia solution and 4.5 ml nitric acid,

the obtained white powder was used witbofurther calcination.
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2.2.Methods of characterization

Powder xray diffraction (XRD) patterns were recorded on a PANalytical Empyrean with a
Pixcel 1D detector using CuiK a 2 range of 1@80°. The divergence slit was fixed to 0.5°
and an antiscatter slit of 1° was used. Rietveld refinements were performed with the
program Fullprof31]. Instrumental broadening was determined with a katndard (NIST
SRM 660 c). Reflections were modelled with an Thomyi3mxHastings pseud®oigt
function [32] and the background was approximated with a Chebychev polynomial.
Rietveld refinements were based on the crystal structure information published by
Hojamberdiewt alfor BaTa:O15] 13], Fegeret alfor BaTaO15[ 29], Linget alfor hexagonal

(h) BaTaO9[ 33], and Galasset alfor orthorhombic (0) BaNi®s, which is isostructural to
BaTaOs[ 34]. Simulated diffraction patterns were also calculated with Fullprof.

Raman spectra were recorded using a LABRAM | from Horiba Jobin Yvon with a HeNe
632.817 nm laser with a laser power of 20 m¥fuipped with an Olympus BX41
microscope (50x magnification).

Diffuse reflectance FTIR spectra were measured on a Bruker alpha Il spectrometer
equipped with a DRIFT module using a gold standard for measuring background spectra.

A PerkinElmer Lalnda 750 UV/VIS/NIR spectrometer, equipped with a Praylagtis
mirror unit from Harrick was used to record the diffuse reflectance spectra using a
spectralon pellet as white standard. The spectra were converted into absorption spectra
using KubelkaMunk function; bandgaps were estimated using T-#&lats.

Krypton physisorption data were collected at 77 K in the?pgmge of 0.08§0.3 (fixed
p% 2.63 Torr) by using an Anton Paar QuantaTec-MBMP-AG setup. Specific surface
area was determined by BEBrunauecEmmetTeller) method. The samples were
degassed at 200 °C for 3 h with subsequent testing of complete degassing.

Scanning electron microscopy (SEM) images were recorded with a Zeiss LEO 1530 at the
Bavarian Polymer Institute (BPI) KeyLalztida and Optical microscopy. An acceleration
voltage of 3 kV was set and the working distance was chosen between &nd 8 mm
with an aperture set to 3gm.

Transmission electron microscopy (TEM) was carried out using a JEQRQIENBat an

accelerdéion voltage of 200 kV at the BPI KeyLab Electron and Optical microscopy.
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2.3.Photocatalytic reactions

2.3.1.Hydrogen evolution and photodepostion of RGrOs co-catalyst

For the hydrogen evolution experiments, a dispersion of 200 mg photocatal$&0imi
water and 50 ml methanol was used. The photocatalyst was dispersed at 30 °Qror 15
in an ultrasonic bath. The dispersion was filled into a homemade dembled inner
irradiation glass reactor with a quartz glass housing for the lamp and weedsvith 250
rpm. A 700 W Hg midressure lamp (Peschl i86nsulting) set to 500 W was placed in an
inlet of double walled quartz glass. The reactor was cooled to 10 °C with a thermostat
(LAUDA RP845). The whole system was flushed with Ar 5.0 with 100nfhlusing a
Bronkhorst mass flow controller for approximately 1 h to remove residual air. The gas
evolution was detected online using a mass spectrometer (Hiden20RRC). During the
experiment oxygen, hydrogen and carbon dioxide were detected. Theegalution was
measured for 4 h to investigate the activity without anycadalyst deposited.

After 4 h the lamp was shortly switched off to add an aqueous solution eRINA
(99.999%, Sigma Aldrich) through a rubber sealing. The amount wasealjjdspending
on the surface area of the used photocatalyst to achieve an Riatadyst loading of 0.3
umol mP2 for all samples. Before the addition, the stirring speed was raised to 500 rpm to
ensure a uniform distribution of the ecatalyst. After stiing for 10 min the stirring speed
was set back to 250 rpm and the lamp was switched on again for 2 h. Then, an aqueous
solution of KCrQ (99.5%, Sigma Aldrich) was added in the same way resulting@3 Cr
amount of 0.205umol P2, After two more hoursthe reaction was stopped. The
sedimented samples were centrifuged and thoroughlysined with water and dried at

80°C.
2.3.2.0verall water splitting

100 mg of the recovered photocatalyst with-RrOs co-catalyst were dispersed in 600l
water in the sameeactor system as described above. The system was flushed overnight
with 50 ml mir¥® Ar before the experiment. The reaction conditions were the same as in

the photodeposition experiments he gas evolution was measured for 7.5 h.
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3. Results and discussion

3.1.Characterization

All prepared samples were thoroughly characterized before and after photocatalytic
experiments. Since a stoichiometric amount of Ba{@as used in the synthesis, the
heterojunction BaTaO15-BaTa015 should be formed as presented by Marsclelal[26].

As can be seen in the XRD patterns in fidifeg, the crystallinity of the obtained powders
after combustion increases with increasing amounts of ammonia solution and nitric acid. If
no nitric acid is used, a completely amorphous powder is obtained. Inagirnb this, a
crystalline powder precursor is obtained even without calcinatiomifl @mmonia solution

and 4.5 ml of nitric acid are used in the synthesis. XRD pattern confirms formation of
heterojunctions with BelasO15 as majority phase with severagflections belonging to
impurity phases. Reflections of the main phase are in accordance with reference pattern of
BasTaOw5(JCPDS £8193/JCPDS ¢631). Lower amounts of ammonia solution and nitric
acid, result in lower crystallinity of the obtained \wders. Table S1 (available online at
http://stacks.iop.org/JPENERGY/3/014002/mmédiaves an overview of the assignment

of the reflections of the powder precursors obtained w2 ml of ammonia solution and

3.5 ml of ammonia solution, respectively, to each phase.

a b
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Figure 1.XRD patterns of (a) powder precursors, and (b) calcined powders. Reference line pattern
of BaTaOy5is shown for comparison.

70


https://iopscience.iop.org/article/10.1088/2515-7655/abc07a#jpenergyabc07abib26
https://iopscience.iop.org/article/10.1088/2515-7655/abc07a#jpenergyabc07af1
https://stacks.iop.org/JPENERGY/3/014002/mmedia

The increasing crystallinityith increasing amounts of ammonia solution and nitric acid can
be explained by the formation of ammonium nitrate during the synthesis. The ammonium
nitrate ignites when most of the solvent is evaporated, which is comparable to- auto
combustion methods showbefore in the literature 35¢37]. The more ammoniumitrate

is formed, the higher the temperature will become during combustion, resulting in a higher
crystallinity of the obtained powder. As no ammonium nitrate can be formed in the
synthesis without nitric acid, the combustion proceeds at significantlygtdemperature

and an amorphous product is obtained instead. Images made of the obtained powder
precursors (figures S1@y)) show an increasing amount of white material with an
increasing amount of ammonium nitrate in the synthesis. As expected, thecabpti
impression of the increasing amount of white sample can be verified by reflection
measurements (figure S1(e)). With increasing amounts of used ammonia solution and nitric
acid, the reflection increases, therefore supporting the optical impression.

After calcination of the powders prepared with 0 ml, 2 ml and 3 ml of nitric acid, XRD
confirms the formation of B &01sas main phase with small amounts ofjplyases for all
calcined samples (figurgb)). Identification of the impurity phases is complicated by the
small amounts and the similar diffraction patterns of moskTBgO, phases. In order to
unambiguously identify the samples, we have calculatedikated diffraction patterns for
90 wt.% Bgl'ayO15 with each 10 wt.% of B&aO.s, orthorhombic (0) Bab&s and
hexagonal (h) BdaOs (figure S2). These calculations take into account similar reflection
broadening of all phasesdue to crystallite size ah microstraint and preferred
orientation of BaTaO5 as the experimental patterns in figuré By comparing the
experimental and simulated diffractiopatterns, the impurity phases could be reliably
identified: all four samples consist of GaO15 as majority phase and Bai&( o) and
BaTaO1s as impurity phases. The sample synthesised with 4.2 ml ammonia solution and 3
ml nitric acid has additional sall reflections that can be assigned tosBaOs( h). No
reflections belonging to hexagonal Bal&or monoclinic Bal &0y could be observed.

In order to obtain a reliable quantification of relative phase content, Rietveld
refinements were performedfigure 2). The synthesis without nitric acid results in the
highest amount of B a015(94.2%) and a combined 5.8% of B#&%40) and Bela0:s.

An increasing amount of nitric agicand thus a more intense combustiomesults in a
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higher content of the two minority phases; however, no clear preference between those
two phases is discernible. The sample synthesised without nitric acid also hasaless
mean crystallite size with 47 nm as compared to theeotlsamples with 76 nm
(3.5ml/2 ml), 64 nm (4.2 ml/3 ml), and 70 nm (6 ml/4.5 ml).

6 mL NH, _4.5 mL HNO, Ba;Ta,0,,: 762+ 0.3 % 4.2 mL NHy; _3mL E“NOJ Ba,Ta,0,,:908+04 %
Rp=89% BaTa,0, (0): 12.1£ 0.1 %, Rp=83% BaTa,0; (0): 4.5+ 0.0 %
Rep=44% o Ba,Ta;0,5: 11.7£0.3 % Re=4.6% Ba,Ta;0,::3.7+£0.0%
7=41 /£=33 Ba,Ta,0, (h): 1.1+ 0.0 %
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Figure 2 Rietveld refinements of all four samples; red circles indicate measurement points, the black
line is the calculated pattern, the blue line is the difference curve and the green dashes indicate
theoretical reflection positions: (I) BauO:s, (1) BaTgOs (0), (111) Bel'asOrs, and (1V) BA& &0, (h).

The SEM images of the powder precursors in figusbow the typical intergrown sheet
like structure of B&l a«O15 for the noncalcined sample prepared with 4.5 ml nitric acid. The
other samples show a smooth kige structure. After calcination, all samples exhibit the

intergrown sheetlike structure (figuret).
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Figure 3.SEM images of powder precursors prepangtth (a) 0 ml HNg) (b) 2 ml HNg) (¢c) 3 ml
HNQ, and (d) 4.5 ml HNO

Figure 4. SEM images of calcined powders -initiaIIy repd with (a) 0 mi,HB)2 ml HN¢) and
(c) 3 ml HNg) compared to (d) the necalcined powder precursor prepared with mbHNQ,

TEM images confirm the formation of a highly crystalline heterojunction for the non
calcined sample (figurg(a)). Since the lattice plartkstances for B a:O15, BaTa015 and
BaTaOs are very similar, it is not possible to assign the visible lattice planes to either
compound of the heterojunction unambiguously, even in higbolution TEM (figuré).
Nevertheless, the TEM images confirm the intense interfacial contact between the
crystallites of the heterojunction for optimum charge transport, already without
calcination. The calcined powdergpared with 2 ml nitric acid was also investigated for
comparison (figuré(b)), showing similarly very high crystallinity and an intense interfacial
contactbetween crystallites. A close contact between the components is crucial for good

charge separation3g] and enhanced photocatalytic activity.
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Figure 5.TEM images of (a) thé n.maillcin.ed powder and (b) the calcined powder prepared with 2
ml HNQ.The red dashed line in (a) shows the borderline between two crystallites.

Raman spectra of the synthesized heterojunctions are shown in fig{&e the main
Raman bands are in agreement to the reported Raman spectras0&8asin the literature

[39, 40]. The DRIFT spectra in figui) are also in consistence with the reported spectra
of BaTaiO15[23, 39]. As expected, BaG@nd Ba(NG)2 bands can be identified additionally

in Raman and DRIFT spectra at 1058'cf©46 crik' and in the range of 1400 ¢g1800

cmbl. The formation of small amounts of Baf¥@s already shown before in the synthesis

of BaTaO15 and BaTaO15-BasTasO15 nanofibers P1, 23]. Samples prepared with 2 ml of
nitric acid, 3 ml of nitric acid, and the naalcined sample exhibit additionally Raman
bands, which are in correspondence witletRaman spectra of orthorhombic BaDg[41].

The intensity variation of these bands confirms the fractions of orthorhombic BaTa
obtained from Rietveld refinement for the samples. An assignment of Raman bands to
BaTaOis5 is not possible as no reference spectrum could be found and no unassigned

Raman bands are present in the spectra.
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Figure 6. Raman spectra (a) and DRIFT spefiaof calcined powders and nealcined sample.
The colour code is identical in a and b. Measured commercialsBad@a(NG). references are
shown for comparison. Black numbered bands correspond to Raman band3@abBaThe light
blue mark correspahto Raman band of Ba(N@ red marked bands to Bag;@nd orange marked
bands correspond to Raman bands of orthorhombic EaTa

Tauc plots and absorption spectra (figueconfirm the formation of heterojunctions, as a
clear shoulder at lower energy is visible additionally to the main absorption edge. The main
absorption edge @an be attributed to B&l&O1s and is in the range of 4.3 eV to 4.4 eV for

all samples. The small shoulder is related teTB#D:5 and the band gaps are in the range

of 3.6 eV to 3.8 eV for all samples. Estimated band gaps are in consistence with literature
values L2, 21, 22, 26, 27]. A clear identification of BaT@s and BaTaOo out of the U\t Vis
spectra is not possible as the band gap of orthorhombic Balia overlaid by the smaller
band gap of B a01s and as the amount of hexagonalBa;Ta0s is too small with 1%.
Reported band gaps of orthorhombic Ba@aare in the range of 4.1 eM?] and 4.2 eV

[27].
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Figure 7 KubelkgMunk U\Vis spectra and Tatlelots (inset) of synthesized heterojunctions.

Additionally to the two absorption edges of the heterojunction, a small absorption giving a
band g of 2.9 eV is visible in the Tauc plots of the synthesized materials. This absorption
can be attributed to oxygen vacancy defects in the material as it was calculatecb@f Ta
43.

Table 1 summarizes the estimated band gaps and measured surface areas of the
materials. The surface areas are in the range of 2%b.4 n¥g"l. Thereby, the non
calcined BeT asO15-BasTasO15-BaTaOs heterojunction exhibits the smallest surface area.
The valuesire comparable to BadaO15-BasTasOrs heterojunction synthesized by a citrate

route in literature R7].

Table 1.Band gaps and BET surface areasyothesized heterojunctions.

Sample Calcination Band BET surface
temperature/ C gaps/eV area/n? g™t

4.5mINE_0mIHNG 1000 3.8/4.3 3.3

35mNH_ 2mIHN®@ 1000 3.8/4.4 5.4

4.2 mlNH_3 ml HN®@ 1000 3.6/4.4 4.7

6 M NH_45mIHN® assyn 3.7/4.3 2.5

3.2.Photocatalytic results and posgphotocatalytic characterization

To investigate the photocatalytic activity of the synthesized heterojunctions, hydrogen
evolution and overall water splitting under tight from water with and withoutnethanol

were measured.
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3.2.1.Hydrogen evolution and photodeposition results

All synthesized heterojunctions are able to generate hydrogen from water/methanol
mixture without addition of a caatalyst (figure S3). Steady state was reached after
approximaely 3.5 h with hydrogen evolution rates ranging from 9a@ol ! up to
1493pumol k! for the calcined samples. The noalcined heterojunction shows
comparable photocatalytic activity to the calcined samples with an evolution rate of 1180
umol H1. A direct comparison of these results is difficult due to the differences of the
observed surface areas of the samples and thus the presumable differences in the number
of reaction sites. To exclude this influence, the hydrogen evolution rate was nogch&diz

the absolute surface area of the sampld$e resulting hydrogen evolution curves are

shown in figures.

3500

——4.5mL NH; _0 mL HNO, _1000 °C
——3.5mL NH, _2 mL HNO, _1000 °C
3000 | ——4.2mL NH, _3 mL HNO, _1000 °C_|
——6mL NH, _4.5 mL HNO,
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Time /h
Figure 8 Hydrogen evolution curves duringgihdeposition experiments, normalized on absolute

surface area.

The noncalcined sampte with the smallest surface area and therefore the presumably
smallest number of reaction sitesshows the highest activity per hour and surface area.
The hydrogen evolutn diminishes strongly from the negalcined sample with
2360umol h**mb? to the calcined samples, which altogether show a highly similar
evolution rate ofD 1380umol hbm®2,

These results correlate with the obtained results from the Rietvefthements. The
non-calcined sample has, with 11.7% ofsBaOis and 12.1% of Ba¥@s, the highest
fraction of byphases. The overall amount of phases in the other samples are in the

range of 5.8% up to 11%. The nearly doubled amount of evolved hydrthgeefore
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correlates with the amount of bphases, showing the positive effect of heterojunctions in
photocatalytic hydrogen evolution.

For later overall water splitting experiments, aRh0Os co-catalyst was photodeposited
on the heterojunctionsThe enhancement of the stirring speed during the addition of co
catalyst solution is the reason for the two peaks in the hydrogen evolution rates in figure
8. A quite low activity enhancement of all samples after addition ofu®| mb?> Rh ce
catalyst is detected, which was already shown before and can be explained by the greater
impact of heterojunction formation on charge carrier separation than Ritatalst
decoration P7]. As expected, the photodeposition of ;Of results in a decrease of
photocatalytic activity. Exemplarily, TEM images of sample prepaitd2 ml nitric acid
were recorded and show the photodeposited-RhOs co-catalyst (figure S4). Additional
detection of Rh and Cr in XPS was impossible (not shown) with the small amounts of co
catalyst deposited in this worl2f].

All samples were characterized after photodeposition (figure S5): XRD characterization
(figure S5(a)) reveals no changes in the crystal structure of all samples, difiestarece
UV/vis spectra show no changes in the band gaps (figure S5(b), table S2). Small changes in
the DRIFT spectra (figure S5(c)) can be seen. The bands for carbonates and nitrates are
lower in intensity after photodeposition for all samples. Partstlod residual barium
carbonate and barium nitrate from synthesis dissolve during the photocatalysis.
Additionally, bands of organic residues from the photodeposition process are visible.

Raman spectra (figure S5(d)) are comparable to the spectra beforegdmosition.

3.2.2.0verall water splitting results

Overall water splitting experiments were performed with the -&bO:; decorated
heterojunctions (figure S6). All prepared samples show activity in overall water splitting
experiments with typical curve characteristics shown bef@d.[The strong peak in the
hydrogen evolution at the beginning of the measurements is due to organic residues in the
samples, which are still present after photodeposition experiments as the DRIFT spectra
revealed for all samples (figure S5(cjje Bdditional detection of carbon dioxide evolution

in the beginning of the overall water splitting experiments verifies this fact, as it shows also

a strong peak at the beginning of the curves. After nearly all residual carbonate is oxidized,
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the evolutian of carbon dioxide nearly stops and the water splitting reaction starts, as also
indicated by the increase in oxygen evolution.

All samples show a hydrogen and oxygen evolution with ratios larger than 2:1, which can
be explained still by residual carbonates, as the carbon dioxide evolution never stops
completely. The hydrogen evolution varies from 1ifol h! for the most active ample
prepared with 3.5 ml of ammonia solution and 2 ml nitric acid teus®| H* for the sample
prepared without nitric acid (figure S6). The roaicined sample shows again a
comparable activity to the calcined samples withi®&ol H*.

Again, it las to be taken into account that the surface area of the prepared samples
varies and needs to be excluded to give a clear statement about the effect of the different
amounts of byphases in the synthesized samples. Normalizing the evolution rates with
respect to absolute surface area again, the rmaicined sample offers the best activity with

368 umol hP'mb2 hydrogen evolution rate (figurg).
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Figure 9.0verall water splitting hydrogen, oxygen and carbon dioxide evolution curves during
overall water splitting experiments, normalized on absolute surface area. Colour code is identical to
figure 8.

The activity of the samples in overall water splitting correlates with the amount of
BaTaOs in the synthesized composites. The higher the amount g &&;:5 estimated
by Rietveld refinement, the better is the adty in overall water splitting. This clearly

confirms the improved charge separation insBaO1s-BasTasO15-BaTaOs heterojunctions.
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Roughly calculated band position from literatu@s] 27] confirm this, as the conduction
band of BaTa:Ois is slightly more negative than the conduction band ofT&s0:s and
BaTaOs. Therefore, the photoexcited electrons are transferred from the conduction band
of BaTaOss to the conduction bands of B&aO1s and BaT#0s and recombination with

the holes in B&laOis is reduced. The improved charge carrier separation tfoe
BaTaOis-BaTaOws heterojunction was already shown by transient absorption
measurements in the literature2B]. A characterization of all samples WiKRD, Raman,
DRIFT, and WVis after overall water splitting experiments reveals no changes in these
samples (figure S7). The DRIFT spectra still show bands of organic residues, carbonates and
nitrates after the overall water splitting experiments. Theda for carbonates and nitrates
show only very small decrease compared to measurements before the overall water
splitting. Most intense reduction of these bands can be seen in case of thealoned

sample.

4. Conclusion

The BaTaiO15-BasTasO15-BaTaOs heterojunction was prepared with a new and fast low
temperature, energy efficient synthesis under ambient pressure conditions without further
need of calcination. The photocatalytic activity of this rmaicined material was
comparable or even better inyldrogen production without any coatalyst and in overall
water splitting after RFCrOs deposition compared to samples prepared with an additional
calcination step. In times of ewgrowing energy demand, this energy efficient fast
synthesis could be a me way for the synthesis of other crystalline and defined

semiconductor materials without diminishing the photocatalytic activity.
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6.2 Supporting Information

Supplementary information to
Fast low temperature synthesis of layered perovskite heterojunctions for

overall water splitting

Anja Hofmann, Morten Weiss, aftbland Marschall*

Department of Chemistry, University of Bayreuth, 95447 Bayreuth, Germany
*E-mail: roland.marschall@u+bayreuth.de

Tablel: Peak positions of phases in powder precursors prepared with 4.2 grantlid.5

mL NH. Used reference patterns are BauO;5(JCPDS A2631), Ba(Ng). (COD 152290),
BasTasO15 (JCPDS 83713), and BaT®s (JCPDS 20146).

Sample 2¢/° (hKkl) phase
4.2 mL NH_3 mL HN@/ 15.58 / 15.59 (002) BaTaO1s
3.5 mL NH 2 mL HN® 23.34/23.34 (012) BaTaOs
29.10/29.12 (013) BaTaOs
31.09/31.11 (110) BaTaOns
35.55 / 35.65 (104) BaTaOs
43.00/ 43.02 (203) BaTaOns
44.09 / 44.09 (114) BaTaOns
47.88/ 47.82 (024) BaTaO1s
50.00 / 49.94 (106) BaTaO1s
50.12/50.12 (115) BaTaOns
50.79/50.79 (122) BaTaOns
53.91/53.94 (123) BaTaO1s
55.10/55.10 (300) BaTaOn5
58.01/57.95 (214) BaTaOs
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59.95/59.95

(026) BaTaOrs

64.49 / 64.56 (220) BaTaOis

68.92 / 68.86 (216) BaTaOis

69.11 / 69.05 (305) BaTaOis

72.21/72.32 (313) BaTaOis

73.17/72.93 (224) BaTaOis

4.2 mL NH 3 mL HN® 19.16/19.16 (111) Ba(N@)
3.5 mL N _2 mL HN® 22.15/22.12 (020) Ba(N@):
24.79 | 24.76 (021) Ba(N@)

27.12/27.12 (121) Ba(N@)

36.94 / 36.94 (131) Ba(N@)

38.64 / 38.68 (222) Ba(N@):

44.85 | 44.85 (040) Ba(N@)

49.12 / 49.08 (133) Ba(N@):

50.44 | 50.44 (024) Ba(N@)

55.63 / 55.63 (242) Ba(N@)

59.31/59.31 (151) Ba(N@)

65.14 /65.11 (044) Ba(N@)

68.51 / 68.47 (153) Ba(N@)

69.62 / 69.58 (244) Ba(N@)

73.96 / 74.03 (062) Ba(N@):

77.12/77.16 (353) Ba(N@):

78.18/ 78.27 (262) Ba(N@)

4.2 mL NH_3 mL HN®/ 2255/ 22.59 (001) BaTa:Ois
3.5 mL Ni_2 mL HN® 25.75 / 25.65 (320) BaTaO1s
27.70/27.79 (211) BaTaOis

31.97 / 31.97 (420) BaTa:Ois

34.62 /- (321) BaTa:Ois
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36.51 /-

(510) BaTaO1s

41.95 /- (530) BaTaOis
45.60 /- (620) BaTaOis
45.99 /- (002) BeaTlaOis
48.63 / 48.63 (630) BaTaOis
51.67 /51.72 (312) BaTaOis
56.86 /56.79 (711) BaTaOis
56.98 /57.14 (422) BaTaOis
60.90 /- (820) BaTaOis
66.72 /- (622) BalaOis
71.26 /- (712) BalaOus
4.2 mL NH 3 mL HN® 17.55 /- (020) BaT#0s
3.5 mL NH 2 mL HN® 22.75/22.71 (220) BaT#Ds
23.37/23.35 (310) BaT#Ds
26.15 /- (030) BaTDs
27.66 / 27.55 (202) BaT#Ds
29.17/29.18 (400) BaT#Ds
29.30/29.31 (022) BaT&ks
30.07 / 30.19 (230) BaT#s
34.11 /- (420) BaT#s
37.56 / 37.56 (510) BaT#ks
38.17 /38.25 (203) BaTfs
39.55/ 39.52 (023) BaT#s
41.69/41.73 (303) BaT&k
46.37 /- (403) BaTfs
47.00 /- (531) BaT#s
47.51 /- (004) BaT#s
51.55 /- (540) BaTs
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52.06 / 52.15 (700) BaTDs
52.69 / 52.69 (304) BaTs

e 100 ——4.5mL NH;_0 mL HNO; —— 3.5 mL NH; _ 2 mL HNO,

0 |42 mL NH, 3 mL HNO, —— 6.0 mL NH, _4.5 mL HNO,

80
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Figure Sl:(a-d) Images of synthesized powder precursors, synthesized witm@a)HNG

(b) 2 mL HN§) (c) 3 mL HNand (d) 4.5 mL HN@nd (e) reflection measurements of
powder precursors, synthesized with different amounts of ammonia solution and
concentrated nitric acid.
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Figure &: Simulated XRD patterns of 90 wt.% BaO1s with 10 wt.% BglasO1s (upper

left), 10 wt.% Bal a0 (h) (uppetright) and 10 wt.% Ba®@xs (0) (lower centre).
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Figure S3: Hydrogen evolution curves of 200 mg synthesized heterojunctions in
water/methanol during photodeposition experiments.
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Figure $4: TEM images of RGrOs co-catalyst on surface of photocatalyst prepared with
3.5 mL NEland 2mL HN@. Red arrows show areas with-catalyst.

a b ——4.5mL NH,_0mL HND, _1000 °C
——3.5mL NH, _2 mL HNO, _1000 “C
2 6 mL NH; _ 4.5 mL HNO, ——4.2mL NH, _3 mL HNO, _1000 °C
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——35mL NH, _2mLHNO,_1000°C  —— Ba(NO,), —— 3.5 mL NH, _2 mL KNO, _1000 °C

—— 4.2 mL NH, _3 mL HNO, _1000 *C
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Figure S 5(a) XRD patterns, (b) Tauc Plots,(c) DRIFT spectra, and (d) Raman spectra of
samplesafter photodeposition experiments.
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Table : Estimated band gaps after photodeposition experiments

Sample post photodeposition  Band gaps / eV

4.5 mL NBl_O0 mL HN® 3.8/4.3
3.5mL NB_2 mL HN® 3.8/44
4.2 mL NBl_3 mL HN® 3.7/4.4
6 mL NH_4.5 mL HN® 3.7/4.3
128 1 H,
96 |
‘E; 64
é} 32}
5. .
E 1128- 02
8 96
64| 1
: . W : : ; \
% H CO, 1
8 h ,&‘ 5

Time /h

Figure S 60verall water splitting gas evolution rates for hydrogen, oxygen, and carbon
dioxide using 100 mg of photodeposited heterojunctions. The color code is identical to
FigureS3.

89



)
o

——4.5mL NH; _0 mL HNO, _1000 °C

—— 3.5 mL NH, _2 mL HNO, _1000 °C
6mLNH. 4.5 mL HNO —— 4.2 mL NH, _3mL HNO, _1000 °C
= ? —— 6 mL NH,_d.5mL HNO,
m 4.2 mL NH, _ 3 mL HNO, _1000 °C
n I 3.5mL NH; _ 2 mL HNO, _1000 *C
! I 4.5 mL NH, _ 0 mL HNO, _1000 °C

I|IHI|||| e byl T T T
30

Normalized intensity / arb. units
(F(R)*hv)®®

T — T T T T
10 20 40 50 50 70 g0 15 20 25 30 35 40 45 50 55 60
20/° hv/eV
——4.5mLNH, _OmL HNO, _1000°C  —— BaCO, ——4.5mL NH,_0 mL HNO, _1000 °C
——35mLNH, _2 mL HNO, _1000°C  —— Ba(NO,), ——3.5mL NH, _2 mL HNO, _1000 °C

——4,2 mL NH, _3 mL HNO, _1000 “C
—— B mL NHy_4.5 mL HNO,

——4.2mL NH; _3 mL HNO, _1000 °C
——6 mL NH,; _4.5 mL HNO,

Normalized absorption / arb. units a
Normalized Raman intensity / arb. units

M&M

T T T T T T T T
4000 3000 2000 1000 200 400 600 800 1000

Wavenumber / cm™ Raman shift / cm™

Figure S 7(a) XRD patterns, (b) Tauc Plots,(c) DRIFT spectra, and (d) Raman spectra of
samples after overall water splitting experiments.

Table S 4Estimated band gaps after overalater splitting experiments.

Sample post overall water splittirBand gaps / eV

4.5 mL NE_0 mL HN® 3.9/4.3
3.5 mL NE_2 mL HN® 3.9/4.4
4.2 mL N&_3 mL HN® 3.8/4.4
6 mL NH_4.5 mL HN® 3.8/4.3
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Abstract

BasNbsO15 nanofibers with tailored nanofiber diameters are prepangd electrospinning,

and treated in ammonia gas to synthesize niobate oxynitride nanofibers. Most importantly,
the nanofibers retain their fiber morphology during ammonolysis, and the nanofiber
diameter of the converted fibers can be adjusted. Only a thorough characterization,
including detailed Rietveld refinements, can reveal that the ammonolysis sNB2;s
results not only in BaNb®, but also generates BdbQN as additional oxynitride phase.
Such BaNbfDIicBaNbQN composite nanofibers with adjusted nanofiber diameters are
applied in photocatalytic water oxidation and hydrogen generation. After decoration with
CoNbQor Pt cocatalyst, the materials show a diametipendent photocatalytic actity,
respectively, with an optimum nanofiber diameter. The presented synthesis demonstrates
a novel salgetderived possibility for nanostructuring of oxynitrides, which can pave the

way for new synthesis strategies of nanostructured complex oxynitrides.

1 Introduction

Due to evergrowing energy demand, research for generating renewable, clean hydrogen

by using solalight-induced water splitting becomes more important. The most crucial part
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of an (solaflight driven) efficient water splitting process is atable catalyst/cocatalyst
system: any photocatalytically active material is highly dependent on band positions and
optical bandgap. First, the band positions of the semiconducting photocatalyst have to be
suitable for water splitting. Further, to achiewe high solato-hydrogen efficiency a
semiconductor has to absorb a wide range of visible light. Perowvskiteitrides AB(O,N)
(A =La, Ca, Sr, or Ba; B =Ti, Ta, Nb) are fulfilling these requir€riedaNbGN PnBm),>
8 for example, shows superior visidight absorption up to 74@m, corresponding to a
bandgap of 1.7 to 1.8V, compared to other perovskite oxynitrides, and suitable band
positions for water oxidation and reductioht! For comparison, other oxynitrides such as
SrNbON with an absorption edge at 700n /4 BaTaGN at 660nm,4 LaTiGN at 600nm 2
and CaTagl at 510 nri¥! show less proaunced visibldight absorption. This makes
BaNbQGN a very interesting semiconductor material for visilignt photocatalytic and
photoelectrochemical water splitting:X% 1214 BaNbGN can be synthesized by different
synthesis routes, sohdtate reaction route by ammonolysis of a mixture of Ba@ax
Nb.Gs is one prominent exanip.[> & 12 15 18 Qdaharaet al. synthesized BaNkh® by an
intense exothermic and explosive reaction without the need of a nitridation Bte@ther
routes include an additional step with the synthesis of an oxide precursor, such as BaNbO
or the layered perovskite BEbsOis or an amorphas oxide precursor, which is
subsequently nitrided? 214 1819 Hojamberdie\et al. prepared BaNbeN crystalsiiaa NH-
assisted flusgrowth approach by ammonolysis of a mixture of Ba@@ NOs and KCIE
Hisatomiet al. showed a faster ammonia flow and a higher barium to niobium ratio in the
precursor results in a suppressed niobium reductidnFurthermore, they reported an
increase in the photocatalytic activity by using precursors preparaé soft chemistry
route, compared to a mixtureof BaC®@ and NkOs due to a lower nitridation
temperature*3 A nitridation of sizecontrolled BaNbsOss crystals in micrometer size was
reported by Yamadat al. and they assumed that the differences in photocatalytic activity
can be assigned to competitive effects of crystallinity and anion deficiency in the prepared
sizecontrolled BaNbeN 119

All aforementioned synthesesexcluding the explosive reactiorinclude a nitridation
step at high temperature (1023 to 1273 K), which often leads to microrsted particles

and therefore small surface areas with resulting poor catalgattant contactareas. The
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catalyst surface could be increased by nanostructuring. The already mentioned, necessary
high temperatures hamper the classical nanostructuring routés surfactants or
templated sotgel chemistry. An advanced technique to overcome the problémapid
crystal growth is electrospinning, which is very often used in polymer science, but is also
suitable for the preparation of metal oxides such agsNBaOis and BaTaOrs.2% 21 The
advantage of using electrospinning is the resulting fiber morphology after the spinning
process. Even theequired crystallization preserves the fiber morpholdgy/Furthermore,
it is possible to synthesize metal oxides such afNB&:s with a reducedtemperature
(800c900°C) compared to the sokstate reaction synthesis (up to 150Q)2% 22
Moreover, the nanofiber diameter of the resulting oxide can be tuned by adjusting the
viscosity of the spinning solution, as reported forsBaOis nanofibers and BA aiOis(
BaTaOis composite nanofiber&! 23 Bloesseret al. were able to show a nanofiber
diameter dependent activity in photocatalytic overall water splitting fogTe0O:s with an
optimum nanofiber diameter of 16am.24

Here, we present the first study to prepare diametamtrolled oxynitride nanofibers of
BaNbQGN by electrospinning. We combine the reported positive effect of a Ba/Nb ratio
>1113 with the positive effect of the electrospinning to boost the photocatalytic activity of
BaNbON. Fully crystalline BEO:s nanofibers with adjusted diameters are synthesized
via sokgel electrospinning, and converted to corresponding BafbManofibers.
Morphology and detailed bulk and surface analysis of the prepared BaiNs&mples are
provided, showing the formation of a BébQNcBaNbGN composite. The nanofiber
morphology andliameter retain nicely during the nitridation of the #8015 nanofibers.
Diameterdependent hydrogen and oxygen evolution results are presented, and overall

water splitting activity is investigated on the most active sample.

2 Results and Discussion

2.1 Characterization

Scanning electron microscopy (SEM) images of the nitrided nanofib@&BgNof different
diameter are shown ifigurel. Allsamples still exhibit the nanofiber morphology after the
ammonolysis of B#O1s precursor nanofibers. Figui@lof the Supporting Information

shows for one exemplary sample that the main nanofiber morphology stays the same
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during ammonolysis, but the shebke structure of the particles in layered perovskite
BasNbsO15 nanofibers changes to smaller particles during the conversion to BaWbO
which was already reported before for TaQN L% 24 This proves that the nanofiber
morphology is retained during the conversion of thesMaO;s precursor nanofibers.
Similar results are known for hydrothermally grown SrAa@ Additionally, the nanofiber
diameter of our obtained NNF can be adjusted by tailoring the diameter of theNBaOi5
precursor nanofibers. The diameter of theN¥ increases from 13%p to 213nm with an
increasng amount of polymer used for the electrospinning of thesNBaO.s precursor

nanofibers.

Figure 1SEM images of-NF with nanofiber diameters of a) 185, b)156nm, c) 194m, and d)
213nm.

FigureS2of the Supporting Information displays the corresponding nanofiber diameter
distributions for the investigated samples. Krypton physisorptioeasurements were
performed to gain information about the specific BrunagiemmetTeller (BET) surface
area of the NNF for photocatalytic characterization measuremenfable 1 gives an
overview of the nanofiber diameters and the BET surface areas depending on the amount
of polyvinylpyrrolidone (PVP) used in the electrospinning process of the precursor
BaNbsOis nanofibers. The BE$urface areas for all four -NF samples are overall
comparable with slightly increasing values upon decreasing nanofiber diameter of 6.9 up

to 8.1m2 g-L.
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Table 1 Nanofiber diameter and BET surface area of\BsO:s nanofibers and converted-NF
depending on the amount of PVP used for electrospinning

Amount of PVP [mg]  Averagenanofiber Average nanofiber ~ BET surfac
diameter of diameter ofN- area
BasNI4O1s [nm] NF [nm] m2 g
200 109+ 39 135+ 443) 8.20)
300 157+ 58 156+ 61a) 7.1b)
400 169+ 80 194+ 1092) 7.00)
500 209+ 81 213+1218) 6.90)

a)Diametersof every N-NF samplemeasuredand distribution estimatedto get averagediameterof mixedsample;

b)Mixedsamplemeasuredvith Krphysisorption.

For the investigation of the bulk material, detaileeray diffraction (XRD) analysis was

performed. XRD patterns of-NF directly after ammonolysis are shownRigure2. No

reflections belonging to the precursor nanofiberssBaOis are present in all four

nanofiber samples, therefore suggesting the successful asioreto phase pure BaNbR.

Furthermore, no reflections attributable to barium oxide are present in the XRD patterns,

which is why an additional washing step was not performed, which is mostly done in other

reported syntheses to remove excess Ba8.

Intensity / arb. u.

213 nm
194 nm
156 nm
135 nm
BagNbgO15 |
B2NbOoN . | | ”| P

10 20 30 40 50 60 70 80
20/°

Figure 2XRD patterns of NIF withnanofiber diameter of 136m (red), 156im (blue), 194m
(purple), and 213m (green). Calculated reference pattern ofNaOs (black, COD 9830-0161)
and BaNbgN (orange, COD 01781456 and Fuijii e4l.ll) are shown for comparison.
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At careful observation, the XRD reflections of Bap@xhibit asymmetric tailing toward
lower diffraction angles, which has been ascribed to possible déectation within the
perovskite latticd?d However, a singkphase Rietveld refinement of BaNHO (with
asymmetry assumption) is not satisfactoag can be seen in FigugSof the Supporting

Information. Additionally, Suemoteetal. showed the emergence of SaQN for

SrTa@Nt which isisostructural with BaNbgNt A ¥ G KS { Nk BaNNGBNWa2 A a

therefore included within the Rietveld refinements resulting in satisfactprality of the

data, although Rietveld refinements are still complicated due to reflection broadening and
closely overlapping reflections, which is shown in Figistef the Supporting Information.
Quantitative analysis of a selected sample directly after ammonolysiSigare 3t
nanofiberswith 156nm diameter shows BaNb&N as majority phase (77vt%) and
22.6wt% BaNbQN as secondary phase. This is a very important result, since at a first
glance no byphase can be observed in the XRD patterns in Figgugeich detailed phase

analysis shall be very important for other ammonolysis reactions and oxynitride formations

as well.
Rm=756% (1): BaNbO,N (77.5 £ 0.8 %)
Rexp =418 % (I1): Ba,NbO;N (22.6 £ 0.7 %)
7 =336

I

obs

I’cal

— /

obs ~ ‘cal
theoretical positions

Intensity / arb. u.

10 20 30 40 50 60 70 80
20/°

Figure 3Rietveld refinement of NIF with a diameter of 158m directly after ammonolysis.

Selected area electron diffraction (SAED) and visible lattice plartégure4 confirm the
formation of a highly crystalline fiber sample. Due to very similar lattice planes of BANbO
and BaNbQN it is not possible to assign them to one of the two oxynitrides
unambiguously. Stacking faults in the BaNi¢Ba&NbQN nanofibers, which were shown

by Suemotcet al.,[2d cannot be found.
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Figure 4Transmission electron microscopy (TEM) images and SAED pati¢idFofvith 1351m
diameter.

XRD analysis of the-NFF samples stored for a few weeks shows additional reflections in
the XRD pattern, which can be assigned to Ba@@ureS5 Supporting Information).
Rietveld refinements of these sampledHigure5 show amounts of 47 wt% of BaCg&and
additionally, similar (7478 wt%) amounts of BaNh®, whereas the amounts of BdbQN
have been decreasing (4B83wt%) compared to samples measured directly after
ammonolysis. W therefore consider it highly likely that it is indeecbBaQN and not the
main phase BaNb®, which is decomposing here with time. Suemetal. showed the
decomposition of isostructural raQN toward SrC@®after exposure to humidity at
ambient condiions 29 which also corroborates the presence obBBQN in samples here.
Crystallite sizes for BaNb®in the four mixed sample batches rarfgem 25 to 35nm, as
compared to §7 nm for BaNbQN and 2528 nm for BaC®@and can be considered highly

consistent.
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Figure SRietveld refinements of all four stored\NF samples with nanofiber diameter of (upper left)
135nm, (upper right) 156m, (lowe left) 194nm, and (lower right) 218m.

The comparison of diffuse reflectance infrared Fourier transform (DRIFT) spectidfof N
directly after the ammonolysis and after storage shows the formation of carbonate species
in the samples after storage, which are not present in the samples direftity a
ammonolysis (Figureég Supporting Information). This further underlines the results from
XRD analysis.

X-ray photoelectron spectrospy (XPS) analysis was performed on the thinnest
nanofibers stored for a few weeks after ammonolysis. Survey XPS data in Figidirtne
Suppating Information show a surface elemental distribution of 18t%Ba, 10.%t%Nb,
41.5at%0, 5.4at%N, and 28.&t%C. No other impurities besides the alwgy®sent
adventitious carbon could be detected. Compared to the nominal stoichiometry, the
surface has a slight Ba excess and a severe N deficiency and O excess, respectively.

Energydispersive Xay (EDX) analysis gives Ba/Nb ratios in the same range of 1.23 to
1.26, which is highly similar to the Ba/Nb ratio as in theNB&O:s precursor nawofibers
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