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Abstract

This work focusses on the development of iron chalcogenide baséeriaia for both phote and
electroatalytic applications Both applications are currently receiving global attention, since they
representsustainable alternatives taonventional fossifuel reliant industrial processes. However,
electrochemical reactiosy such as water electrolysis, are still not ecstnpetitive. Hence, continued
research is required in this field, especially focussing on the design of newatamidant catalysts.

The first work in this thesis is ¢hefore focussingon the developmeh of a microwaveassisted
solvothermal synthesis of Cufe nanoparticles. An optimisation of synthesis parameters, including
the solvent mixture and the pH value allows for the preparation of &hfparticleswith a narrow size
distribution over a wideange of different synthesis times and temperatures. Specifically, the synthesis
time could be decreased down to 1 min at 175 °C, while the synthesis temperature could be lowered
to 120 °C. After a thorough material characterisation, including the degré@evefsion, the Cuk&
particles were employed in the electrochemical reduction of ©®@Q The synthesis time was shown

to have a significant influence on both CO vyield and selectivity. The highest activity was thereby
observed for Cuk6, synthesisedor 10min, reaching 0.2 umolhg! and a Faradaic efficiency of 20

This could be explained by a combination of a decrease in the degree of inversion during continued
heating in the microwave, a larger amount of organics for particles obtained adtgrshort times,

and a slightly higher crystallite size observed after medium synthess ofiiLO min. It was thus shown

that the electrocatalytic performance can be tuned by the synthesis conditions. Additionally, no carbon
containing products except C@ere observed and Hwvas the only other product formed, making
CuFeOs an interesting, eartkabundant catalyst for the direct production of syngas.

Compared to electrocatalysis, photocatalysisnbineslight absorption and charge carrier excitation
with the subsequent target reactions into one systemithout the need for an external driving force

To improve the efficiency, charge separation is commonly promoted by the addition of a cocatalyst.
Charges are transferred to these cocatalysts and they pradtiee sites for the reactioq thus they

share many similarities with electrocatalysts. The second work presented in this thesis therefore
targets the synthesis and application otl&3 as an eartrabundant cocatalyst substitute for noble
metals in theH; evolution from water.Firstly, the microwav@ssisted synthesis of #fie3 in organic
solvents and benzyl mercaptan as sulphur source was optimised. Thus, it could be shown that phase
pure, crystalline NFeS nanosheets can be prepared in only 1 nSabsequently, MreQwas used as

a cocatalyst on TigP25). The photocatalytic activity of P25 could thus be promoted by a factor of 8
and reached 2828 pmol ht under simulated sunlightExceptionalljjow massratios of 0.5 wt.% of
Ni;FeS could be redked, without a loss of activity. Furthermore, a stabbekblution was observed

over the course of 20 h. If UV irradiatiomas used instead of simulated sunlight, the activity
enhancement is even more pronounced, initially reaching 48 times that ofR2e NiFeS is thusa
suitable, nornoble cocatalyst for the HER, which can additionally be prepared under mild conditions.

While B is an idealgreen fuel, its storage is complicated and large portions of the produgeateH
actually required as feedstldor industrialprocesses. One such process is the Hédmsch process
for the synthesis of N4 Photocatalytic nitrogen reduction offers a sustainable alternative, but it
requires the development of efficientldctivation catalysts. Carbon nitrides (GXg among the most
widely investigated catalystfor these nitrogen fixationreactions. Therefore, vacancy riciarbon
nitride (Ww-CN was synthesised in the third work of this thesis and combined with biomimetic FeS




(pyrite). This combination resulted ian increasd ammonia yield by approx. 4@ compaed to
unmodified carbon nitride, even at low loadings of Fé®wever, a set of material characterisation
and control experiments revealed that ammonia is not generatiecthe reduction of N gas, but
instead by a decomposition of cyaigwoups at the defect sites in\NCN. Feds further promoting this
light-induced decomposition reaction by coordinating to the defsites and activating the cyano
groupsvia~ -backdonation. It was thus showtihat althoughcomparativelyhigh ammonia yields can
be achieved by this system, it is noé photocatalytic NRR, for whichXCN is therefore unsuitable.




Kurzfassung

Der Fokus dieser Arbeit liegt auf déntwicklungvon EiserChalkogeniebasierten Materialien fur
Anwendungen in der Photsowiein der Elektrokatalyse. Beide Anwendungsfelder werden weltweit
mit Interesse verfolgt, da sie nachhaltige Alternativen zu konventionellen, auf fossilen Rohstoffen
basierenden ndustriellen Prozessen bieten. Elektrochemische Prozesse, wie zum Beigpiel
Wasserelektrolyse, singie Kosten baeffend jedoch noch nicht konkurrenzfahig. Daher erfordert es
weiterreichende Forsaing auf diesem Gebiet, besondersvas die Entwicklung wvo neuen
Katalysatoren ausaufigvorkommenden Elementen angeht.

Die erste Arbeit dieser Thediefasst sich daher mit der solvothermalen Mikrowellensynthese von
CuFeOs-Nanopartikeln. Eine Optimierung der Syedleparameter, inklusive der Losunggelmixtur

und des pHWertes erlaubt es, Cuke, Partikel mit einer schmalen Grél3enverteilung und Uber einen
weiten Bereich an verschiedenen Synthesezeiten ¢tethperaturen, herzustellen. Genauer konnte

die Synthesezeit auf 1 min bei 175 °C reduziert werden, evithdie Synthesetemperatur auf 120 °C
verringert werden konnte. Nach einer sorgfaltigen Charakterisierung, inklusive der Bestimmung des
Inversionsgrades, wurden die CuBgPartikel in der elektrlatalytischenReduktion von C{rzu CO
eingesetzt. Dabei zdig sich dass die Synthesezeit einen deutlichen Einfluss auf die CO Produktion
und auf die Selektivitat habie hochste Aktivitat wurde dabei flir CuBgbeobachtet, dass ih0 min
synthetisiert wurde, wobei eine Aktivitat von 0.2 umdidp* und eine Feaday$che Effizienz von 20 %
erreicht wurden. Diese Beobachtung konnte durch die Kombination eines abnehmenden
Inversionsgrades mit anhaltender Zeit in der Mikrowelle, groBeren Anteilen an organischen
Uberresten in Partikeln die fur sehr kurze Zeit sytitert wurden, sowie einer leicht erhéhten
KristallitgroRe bei einer nileren Synthesezeit von 10 mirklart werden. Es konnte somit gezeigt
werden, dass die elektrokatalytischen Eigenschaften durch die Synthesebedingungen beeinflusst
werden kénnen. Zugin wurde kein kohlenstoffhaltiges Produkt aul3er CO beobachtet unehHdas
einzige Nebenprodukt. Somit ist CuBgein interessanter Katalysator aus haufigrkommenden
Elementen fur die direkte Produktion von Syesegas.

Im Vergleich zur Elektrokataly vereint Photokatalyse Lichtabsorption und Ladungstrageranregung
mit den nachfolgenden Ziela&tionen in einem System, ohne eine externe Triebkraft zu bendtigen
Um die Effizienz zu erh6hen, werden Cokatalysatoren aufgebradithe die Ladungsseparatio
verbessern. Ladungstrager migrieren zu diesen Cokatalysatoren, welche zugleich aktive Zentren fiir die
Reaktionbieten. Damit teilen sie viele Gemeinsamkeiten mit Elektrokatalysatoren. Die zweite Arbeit,
die in dieser These thematisiert wird, bates daler zum Ziel, NFeS zu synthetigeren, und als
Cokatalysatoraus haufigrorkommenden Elementerg alternativ zu Edelmetallerg in der H-
Entwicklung aus Wasser einzusetzen. Zunachst wurde die Mikrowellensynthese X@& MNi
organischen Losungstteln und mit Benzylmercaptan als Schwefelquelle, optimi®d konnte gezeigt
werden, dass phasenreine, kristallineP’S-Nanosheets in nur 1 min hergestellt werden kdnnen.
AnschlieBend wurde bieSals Cokatalysator auf@i (P25) eingesetzt. Die photokatakthe Aktivitat

von P25 konnte som dasAchtfachegesteigert werden und erreichte 228 pmol h unter simuliertem
Sonnenlicht. AulRergew6hnlichgeringe Massenbeladungen von @&6% NiFeS konnten dabei
realisiert werden, ohneeine Verringerung der Aktitat herbeizufihren Des Weiteren wurde eine
stabile H-Entwicklung Uber den Verlauf von 20 h beobachtet. WennStighlunganstelle von
sichtbarem Licht verwendetuvde, war die Aktivitatssteigerung noch ausgepragter und eine Aktivitat
von 48mal der vorreinem P25 konnte erreicht werdeWon daher ist NFe$ ein geeigneter, unedler




Cokatalysator fiur die Wasserstoffentwicklung, der zudem unter milden Bedingungen hergestellt
werden kann.

Wasserstoff ist ein idealer, griiner Brennstoff, doch die Lagerurgimpliziert und groRe Mengen
des produzierten Wasserstoffs werdestattdessen fir gewohnlich als Ausgangsmaterialin
industriellen Prozessen eingesetzt. Ein Beispiel flr einen solchen Prozess ist deBotaihErozess

fur die Synthese von Ammoniak. Pbkatalytische Stickstoffreduktion stellt eine nachhaltige
Alternative dazu da setzt allerdings die Entwicklung effizienter Katalysatoren fir die
Stickstoffaktivierung voraus. Kohlenstoffnitridengl. Carbon nitridesCN) gehdren dabei zu den
meisterforschten Katalysatore fur Stickstofffixierungsreaktionen. Daher wurde defektreiches
Kohlenstoffnitrid (M-CN) im Rahmen der dritten vorgestellten Arbeit hergestellt, und mit
biomimetischem FeS (Pyrit) kombiniert. Diese Kombination filhrte zu einer erhohten
Ammoniakproduktion um ca. 400 % verglichen mit unmodifiziertemdstoffnitrid, selbst bei einer
geringen Beladung mi Fe&Eine Reihe an Kontrollexperimenten und Materialcharakterisierungen
zeigte jedoch, dass der Ammoniak nicht durch eine Reduktiorgds&rmigen Stickstoffs gebildet
wird, sondern stattdessen durch eine Zersetzungsreaktion von Cyanogruppen an den Defektstellen in
W-CN. FeSverstarkt diese lichinduzierte Zersetzungsreaktion, indem es an die Defektstellen
koordiniert und die CyanoghilLJS y  RRENKBIdung aktiviert. Es konnte somit gezeigt werden,
dass obgleich relativ hohe Ausbeuten an Ammoniakdmi$em System erreicht werden kdnness
sich dabei nicht um photokatalytische Stickstoffreduktion handelt, fur welgF@Nim Umkehichluss
nicht geeignet ist.




1 Introduction

The last decades hawhownthat climate change is an undeniablefdhat is having an increasingly
tangible influence on the planet and on human societies. Rising sea ésvalsesult omelting polar

ice dields, extreme weather phenoma like droughts, floods or hricanes and an overall rise in
temperature are all effects that can be felt even now and are bound to occur increasingly more often
in the coming year$.Such consequences of global warming not only pose an economic stress by
causing billions of dollar damages, but yhendanger vulnerable ecosystems and have a negative
impact on food supply; an effect especially harmful for people in countries with low incérhe.
Scientists agree thatnthropogeniemissions otarbon dioxide€Q) and other greenhouse gas ae

at the core of the problem. éhce the reduction of emissions and reggement of carbon fudbased
processes with environmentally benign, carbeutral alternativesare arguablyhe key challengeof

the current centuryc more precisely, the next coupbf decadesSince greenhouse gasses accumulate

in the atmosphere, continuing emissions will only aggravate the problem of rising temperatures.
Alreadythe average annual temperature increased by around tdi@pared to preindustrial levels,
which is mirored by an increase in the €&ncentration in the atmosphere 00ppmin the last 50
years alongFigure B andb).? During the same period, a continuous increase in mean sea Jevels
decrease in the extent of Arctic icand an increase in billion dollar disastés been recorded,
elucidating the correlation with the rising €&ncentration Figure t-e).45
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Hgure lincrease in temperatureelative to 19511980(a), along with a rise in atmospheric £©ncentration, as monitored

by the Maunal.oa observatory (b)Additionally,an increase in the mean sea levels (c), the number of bifl@lar weather

and climate disasrs¢ here as an example for the United States &f)d a decrease in the Arctic ice coverage (e) are depicted

over the previous decadefhe data for temperature anomalie€Q concentration and U.Sbillion-dollar disasterwas

retrieved from the NOAA Nigonal Center for Environmental Informatisn(NCEl)and the Earth System Research
Laboratories8¢ KS RI GF FT2NJ aSI f S@St @ PhHydical Odeangysaphy Distribtel Achik Schi8eR T NR Y
Center (PODAAGNd that for Arcticsea ice coverage from NASHational Snow and Ice Data Center (NSHC).

Due to the accumulation of greenhouggsesan increasen temperature compared t@reindustrial
levels between & and 4.5C can be expected untiieé end of the century the magnitude depending



on how fast emissions can be reduced to virtually zdiois is modelledby the representative
concentrationpathways (RCPs)which encompass differenscenariosfor the extent of future C®
emissions based on the kind and speed of human mitigation measures, as well ascemimic
developments°Since even a temperature increasionly a few degreebas a significant impact on
nature and human civilisation alikeost natiors agreed to limit the rise it@mperature toa maximum

of 2°Ccompared to preindustrial levelsind takeefforts not to exceedl.5 °An the Paris agreemenit.

A severe reduction of greenhouse gemissiors already in the nextlecadeis required in order to
achieve that goalAmong the mosimportant strateges for such a reductiorare the generation of
electricity from renewable energy sourcesuch as wind, wateor solar power and thereplacement

of conventional gasolineand diesebased vehicles by bty or fuel cell powered one'€:® Apart
from greenhouse gas emissions from vehicles, industrial processes significantly contribute to the total
emissions.*® Therefore, either the capture of C@in exhaust gas, or thelevelopment of new,
efficient, and compatible alternatives that do not require fossil fuels is additionally reqdired.
Furthermore, thecurrent war inUkraine has shown additional drawbacks of relying on fossil fuels for

countries without noteworthy gas or oil reserves of their own, as this results rineaonomical
dependence on other¥.

Among all renewable energy sources, the sun is the one with the most potential in terms of annual
energy supplyeasily surpassing all other renewables andealbverablefossilreservescombined*?

As illustrated inFigure2a, the radiative energy reaching the earth is sufficient to cover the global
annual demandeveral times over
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Figure 2Potential of enewable energy soursdn comparison with reasably recoverable reserves based on the estimations
of 2015 (a). The volume of each sphere is prtipaal to the respective poweg adaptedwith permission fronPerezet al.
(Copyright Elsevier 2022)Solar spectrum at the top of the atmosphere and at median latitudes (AM 1t§@&)The data
was retrieved from the National Renewable Energy Laboratory (NREL).

There areseveralways of exploiting solar power. The first is photovoltaics and thus the conversion of
solar to electric energgFigure 3. It is currentlythe bestknown method for solar energy conversion
and themostdeveloped, achieving sufficient efficigies to replace fossil energy carriét$*However,
usingsolar power for thedirect generation of electricity requires an adaptation to the fluctuations in
energy supply due tthe day and night rhythm and additional seasonal changes theesofvell as
weather conditiong>?® Therefore, energy needs to be stored either as electric energy in batteries, or
as chemical energy in moleculeghichrequires a second process of energy conversion from electric



to chemical oneThis can beachievedby electrocatalysis, wherein a chemical reaction proceeds in
contact with a catalyst under potential applicati¢figure 3.27:28

The secondapproachfor solar energy conversiois via photocatalysis, wherein solar energy can
directly be converted into chemical energjusomitting additional conversion processesd their
energetic lossegFigure 3. Photoeletrochemistry is a combination of both strategies, wherein
electrocatalysis is performed under light irradiation. The performance of the (pledéc)rocatalyst

can trerebybe significantly improved compared to the same process in the dagkerequisite dr

the conversion of solar energy in both photovoltaics and photocatalysis is an efficient absorption of
solar irradiation by semiconductor materials and subsequent separation of photoexcited charge
carriers. This results in substantial requirements fatadale materials, one of the most important ones
beinga high charge carrier mobility and low recombination ratesaddition to agood stability,
suitable band positions and small enough band gap for visible light absorption, since this is the
portion of sun light with the highest intensit§Figure d).232°30The multitude and complexity dfiese
demands on anaterialare the main reasons ly the efficiencies in solar energy conversion are still
rather low, highlighting the need for continued reseafchnew materials and optimisationf existing

ones.
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Figure 3Solar energy harvesting and conversion through photocatalysis, photoelectrogtingrand photovoltaics coupled

to electrocatalysisThe generated products can directly be employed in industry or as green fuels in the transportation sector.
The apture and conversion of emitted G®y photo- and electrocatalysiback to valuable chemals and fuels could in
principal close the carbon cycle for a zemmission economy.

Some of the desired primary produdtsboth phote and electrocatalysis are hydrogen{Hammonia
(NH), or methane(CH), which are obtained by the splitting of veatinto H and Q,***the reduction
of dinitrogen to NH,**® or the reduction of C&to CH and other valuable carbotased products
such as CO or methanakspectively**? H, is a viable candidate for chemical energy stordggean




directly be used as a fued.g.in fuel cellsas an alternative to batteries imehicles or in stationary
applications for power generatiorit is a cleanudel with a unsurpassed gravimetric energy density,
whose combustion only yields wat&?* Apart from the use as fuel,.Hs an important chemical in
many industrial processe&$Thus, it is required for oil refining, methanol production the synthesis
of NH: in the HabetBosch procesLurrently His mainly generateglia methane steam reforming. Its
production significantly contributes to the carbon tpaint, therefore alternative synthesis pathways
viaelectro- or photocatalysis are highly desirabfe”®>So far the efficiencgnd cosof these sustainable
alternatives are not yet satisfactory, though, and most commonly nobd¢ahcatdysts such as
platinum are employed, resulting in high neaial and overall process codtsat cannot compete with
traditional, fossifuel reliant H synthesis method&'“¢ Therefore, the deelopment of new, efficient,
earth-abundant and lowcost materials for hydrogen evolution catalysts is of great importance.

A problem in using Hhowever,is the longterm storage, which requires high pressunesryogenic
temperaturesand therefore high-power inputs, suffers from low efficiencies, or from safety issues.
Alternatively,NH; and synthetic fuels can be synthesisdd either photo- or electrocatalytid\, and

CQ reduction, respectivelyusing water as the hydrogen source and electricity fremewable energy
sourcesIn both caseghe reduction of a gaseous reactant is requirediich is hindered by the low
solubility of these gasses agueous media. Additionallhe formation of multiple high energetic
bondsmust occur,and numerous sid@roducts may be formed at similar potentialendering the
entire processsignificantlymore challenginghan water electrolysisThis is in turn mirrored by even
lower efficienciesand selectivities’4*4’ Therebre, much progress is required to rka photo and
electrocatalytic M and CQ reduction competitive toestablishedfossitfuel based processe&uch
developments are even more crucial, considering the industrial importance efaNHessential
component irthe fabrication of fertiliserg | Yy R ( Kdza (G KS FSSRA Y. Morddber,(i KS
NH can be used as either a storage medium, or a replacement foitHs easily liquefied at
comparatively low pressure, is sadad easyto transport and its comibstion does not generate GO
Additionally, it can also be directly employed in fuel c&fs.Similarly, methanol, or other potential
CQ-reduction products such as ¢&hd CO, are important fuedsther in internalcombustionengines

or in fuel cells, and essential feedstock for the fabrication of carbon contdhigeyalue chemicals,
e.g.viathe FischefTropsch proces¥.

In both phote and electrocatalysis, the initial research focussed on noble metal catalysts, that are
often very efficient, but result in high production cosige to element scarcities. Nowadayse
development of earthrabundant, mainlytransition metal based alternatives has become more
important.>%*” However, continuingresearch is required in thifield, in order to achieve high
selectivities and efficiencies necessary for lasgale applicationsAmongst eartrabundant phote

and electrocatalysts, the developmieof materials containing iron isspecially desirabldron is one

of the most commonSt SYSy G a Ay (Fg8redp it NIthHeap AnotaxNddrid (globélly
available, while still being redeactive ¢ a prerequisite for electrocatalyst.This makes it a very
desimable component in new catalystaterialsand is likely also the reason for its central role in the
active centres of enzymeshus, it is a major element in hydrogenases, nitrogenases, and the carbon
monoxide dehydrogenas¥.In natureit most commonly occurs as oxygen or sulphur containing
minerals, such as K&; (hematite), spinetype FeO, (magnetite), FeOOH (goethite), or F§3yrite),
elucidating the availability and stability of such materi#ls.

For the development of new catalyst materials, element abundancy is not the asatial factor,
however. The material synthesis must additionally be taken into account, becaustehighrature
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requirements, long synthesis times, or castensive refinement of raw materials can significantly
increase the cost of the catalyst itselhich will in turn have a negative impact on the overall
production cost. Especially transition metal oxides are traditionally obtainadightemperature
solid-state synthesis. Thus, new synthesis methods need to be developed to reduce the energy
requirement of the material synthesis and thus the overall cost. Additionally, a low synthesis
temperature allows for the preparation of nanocrystalline materials with high surface &eas.
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In summaryto achieve a future largecale production of Hand other valuable products, new catalyst
systems need to be developed that achieve the necessary efficiencies and selecthatiase based
on earthhabundant materialg; especially irorg andthat areat the same timeobtainedvia fast low
temperature syntheses. Only the parallel fulfilment aif three factors will allow for phote and
electrocatalysis to become economically feasible alternatives to fliugdibased processes.



2 Theoretical Backgmund

2.1 Semiconductor Photocatalysis
2.1.1 Fundamentals of Photocatalysis

¢ KS GSNY WYLK®rdirgQd IORARRE fo &hemical transformatiomeactions that are
catalysed by anaterial upon light absorptiof® Photocatalystsre materials that possess ndaim to
small bandgapsthat are suitable for the harvestingf suright, i.e. usually semiconductor solids, or
molecularcomplexes Electrons can be excited from the valence band/ highest occupied molecular
orbital (HOMO) to the conduction band/ lowest actupied molecular orbital (LUMO) upon the
absorption of photons with an energy exceeding the band G@PMO/LUMO gapdnergy, thereby
generating excitonsBoth excitedelectrons andhe holesleft in the valence bandan subsequently
participate in redoxeactions. A prerequisite hereby is a suitable alignment of rquu®ntial and
energy level in the photocatalyst. Electrons can reduce a component, if the conductiomif@ntim

is at a more negative energy than the respective repotential of the catéysed reaction, while holes
can be used for oxidation reactions, if thrximalvalence band energy exceeds the respective redox
potential. Typical reduction processes are the evolution of hydrogen frater, the synthesis of
ammonia from dinitrogen, orhlte conversion of Gnto methane, CO or ethylene. Common oxidation
reactions on the other hand are the oxidation of waterO,, the degradation of pollutant®.g.dyes,

or the generation of nitrates from 2473
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Figure5 Differences in the course of photochemiciéft), photocatalytic (middlg)and photosynthetic (right) reactions.
Partially alapted with permission fronRavelliet al. (Copyright RSC 2009)Relative energies of reactants (R), the catalyst

(C), intermediates (I) and products (P) are shown over the course of the reaction. Excited states are marked by an asterisk
Energy barriers in the absence of light activation are depicted in dashed lines.
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while originally it was only referring to energetically dohii reactions, whereas the term
WLIK2 G2 aeydKS areaktians witha Gitdesi f@&R enthiaBppi3 > 0.2°%° From the reactions
mentioned above, water splitting, Nor CQ reduction are prominent examples for photosynthetic
reactions, whereas the oxidative decomposition of pollutants belongs to the category of
photocatalysisBoth require the prticipation of a catalyst that is returned to its original state after the
reaction, in contrast to photochemical reactions, wherein one or more reactants directly absorb light
and are thus transferred to an energetically excited stégure 5. Not onl is the change in the Gibbs
free enthalpy different for photocatalytic and photosynthetic reactidng, the rate determining steps




might vary significantlyA photosynthetic reaction is thermodynamically not favoured and thus fast
charge and product sepation are crucial for a high efficiency and thagppressiorof backreactions.

In contrast, a photocatalytic reaction is often limited by the surface area and number of active surface
sites available for activation and conversion of reactght€® For simplicity reasons the term
GLIK2G201 Gl fearaéd Ad dzASR (KNRPGHKRIGBYRBRKAA 62 NJ

Thestrategyto utilise light absorption for the driving ghotosyntheticreactionsmainly startedvhen
in 1972 Fujishima and Horalfirst reported on photoelectrochemical water splitting over JJ&add a
couple of years latemoue and Fujishima explored the reduction of.C&° In the following years,
research in the field expanded significantly, mostly focussingboimdant metal oxides and sulphides
especially Tig) CdS or Zn@:"” Such heterogeneous photocatalysiave the advantage afften good
stability and easgeparationof the catalystfrom the reaction dispersiarOn the other handmolecular
photocatalysts irhomogeneous systems allow farmore intimate contact between reactants and
catalystand a better tailoringof the HOMO/LUMO positions and g&d® Often, more than one
semiconductor is combineddditional metal electrocatalystge included in the systeroy hybrids of
semiconductor and molecular catalysmte formed in orderto improvelight harvestingchargecarrier
separation and utilisatio efficiency’%83

a) b)
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direct indirect

Figure 6Processes occurring in a semiconductor upon light irradiation: 1: light absorption; 2: charge carrier separation; 3:
consumption of charge carriers at the fare h redox reactions; 4.ecombination (a)Electronic transitions in a direct and
indirect semiconductor are depicted in (b).

Photocatalytic processes semiconductor materials can be divided into a series of reaction stéjes

first and fundamental prexquisite is the absorption of light of sufficient energy for the excitation of
valenceband electrons Thus, the incident light must be bdigher energy than that of the band
gap®4%89 The process of charge excitation is thereby dependent on the band structure of the
semiconductor. For direct semiconductors, excitation proceeds dyefcdm the valence band
maximum to theconductionband minimum which areof the same crystal momentunin indirect
semiconductorspn the other hand,valenceband maximum andconductionband minimum are
locatedat different wavevectors additionally reqiring phonon participation fothe conservation of
momentum(Figure 6.3

Since sustainable photocatalysis relies ondhe as light source, efficient absorption in the visible light
range isnecessaryHowever, good light absorption alone does not make a good photocatalyst, if the
excited charges cannot be ustmldrive reactions The second crucial step is therefopmtal charge
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separation insidéhe semiconductoland towvardsthe surface, on which the target reaction can take
place (Figure §. Besides sufficienenergy of the separated charge carriees goodadsorption of
reactants to active surfacetes is requiredfor the conversion reactions to be efficiefithe last step

is the desorption of products and regeneration of free surface ditekarge carrierare not separated
and consumed quickly enough these stepsrecombination of electrons and holes magcur, either

in the bulk, or on the surface, drastically reducing the number of charge carriers available for redox
reactions and thus also the efficiendyight harvesting is generally more efficient for direct semi
conductors,but recombination rates are alsfar highersince no phonon participation is requirel
systems of only one bulk semiconductor, the reached efficiencies are commonlpwegence, the
improvement of charge separation iaecome a key challenge in the development of new, highly
active photocatalytic systenfs:81.8285

When discussing the efficiency of a photocatalytic system, usually charactesigtitaghe solarto-
hydrogen efficiency (STH), or the quantum efficiency (QE) or apparent quantum yield (AQY) are
considerec?®>8¢8” The quantum effiency describes the rate of a reaction divided by the absorbed
photon flux. Since the determination of abrbed photons is usually impractical, the photonic
efficiency(¥) is used instead, which considers the entirety of incident photding determination of
incident photons is not trivial, since it varies between reaction setups and also different locations in
the same setup, but is still significantly easier to estenaimpared to the absorbed photon flukhe

same is true for the quantum yielde. the number of events per gbrbed phoon of specific energy.
Here the AQYalso external quantum yield¥ commonly used, whichgain considers the incident
photons. For water splitting, the STH is another important measure for the performance of a
photocatalytic systemespecially for solar irradiatioft is defined as the ratio of the chemical energy

of the produced hydrogen to the energy of incident sun I§€:’ The STH vastly depends on the
range of adsorbed liglgand thus the semiconductor band ggand cannot exceed 3.3 % undetedy

UV absorptiorf®

The different definitions for theliscussefficiendesare given by equations 1 to 4.
. . . w 7 4 ' A y R “
Quantum efficiency: v QJTUT;J AGK GKS ?rthgﬁz%uh 2 (1)

with Rthe reaction rate (product formed or reactant consumegj)the photon flux,N, the number of
photons and t the timé®

Photonic efficiency Y 60 !LVI'I 2)

with R the reaction rate in a specific time window amdhe rate of incident photons of dafed
wavelength rangé®

Apparent quantum yield: I v <573 t’_i“ I'__ZN @)

with nethe number of reacted electronsL. 6tketnumber of incident photong, the stoichiometric
coefficient in the reactionie. 2 for H and 4 for Q) andRthe reaction rate?>858¢

Solarto-hydrogen efficiency: {¢ I)v:f/' or \%D (4)

with Rthe reaction rate n Cthe Gibbs energfor water splitting,the energy fluxP for sun light (AM
1.5G; 100 mWcrf), and theirradiated areaA.®>8¢




Such measures for the efficiengain more and more importance in the characterisation of new
photocatalytic systems. Sitill, differences in the employed setups, light squandsenvironmental
conditions in comlriation with incomplete reports on reaction conditions and errors in the reporting
of the photocatalytic activit such as normalisation to maggesult in issues of comparability and
discrepancies between different research grofips.

2.1.2 Principlesof Charge 8paration in Semiconductor Photocatalystnd Strategies for
Activity Enhancement

For efficient sepration of photeexcited charge carrierdirst of all the exciton binidg energy needs

to be overcone: this is a material property largely dependent on the dielectric constant and the
effective masses of electrons and holes. For efficient charge separation it should be lower than the
thermal energy?* Additionally, the lifetime of charge carriers needs tosbficiently long for them to
migrate tothe surface of the semiconductor and thus participate in a reacfldre lifetime further
depends on the rate of recombinatidm the bulk,e.g.at defectsor grainboundaries or at the surface.
Thus, the lifetime directly influences the diffusion length of minority charge cafidis.increaselte
probability for charge carriers to reach the surfapanostructuringcan be useful to minimise the
distance electrons and holes have to tra¥eAdditional positive g&cts of nanostructuring can be an
improved light harvesting due to scattering phenomena, or the adjustment of band gap and potential
in very small particles based on quantum confinement effectsjapotential determining ions that
exert an electric filel. Furthermore, the high surface to bulk ratio is beneficial for the adsorption and
activation of reactant$® At the same time, however, the material properties are crethffom those
observed in the bulk to surface controlled properties. The surface is commonly rich in defects that can
alter the potential of surface states compared to band potentials in the bulk and might act as
recombination sites. Additionally, the spacharge layer that can significantly promote charge
separation in bulk materials cannot be formed in nanoparticles (see following gdges).

One commonly applied strategy for improved activities is the use of sacrificial agdwete are
reagents thatre either xidised easily by excited holesreducedeasilyby electrons, thus efficiently
scavenging onaype of charge carriers, reducing the time for recombination and leaving larger
numbers of the othecarrier typethat can be used for the desired reacti(fcheme 1 The sacrificial
agent can either be reduced/ oxidised directly by the charge carrier, oreifigtion may proceedia

the trapping of formed radicale,.g.fOHfor hole scavenger?.20VVery common is the addition of a hole
scavenger in hydrogen evolution reactions from water, due to slow water oxidation kinetics. Widely
used hole scavengers aaenines, such as triethanatane,alcohols; especially methanol and ethanol

¢, andinorganic sulphur compoungsuch as NaSor N&SQ.8%92Examples for electron agengers

are AgN@ iodatessuch akIQ or NalQ, or other electran acceptors such as peroxidisuggbor Fe*
compounds’™® Those are often used when the oxidation reaction from water is fort&Hich
potential sacriftial agent results in the best performance thereby depends on the pH, but also on the
photocatalyst used. This is due to intermediate oxidation products affecting the photocatalytic
processesq e.g. by competing with the desired reactiog but also differeces in thereaction
mechanismspxidation potential and permittivity, as well as differences in the interaction between
sacrificial agent and the photocataly®8t®*:°>°Especially for sulphidbased photocatalystghe choice

of sacrificial agent might furthermore influence the photocatalyst stabiti#y.




Sacrificial agents can significantly boost the activity for one half reagtiowever, they cora in hand
with a series of problemand drawbackghat are often ignored. On the one hand they are an additional
material that is required in the systemusually at significant amounts but not directly used for
valuable productsThey both increase thgroduction costs and have a negative environmental impact
on a process tht aims at sustainable synthese$oth aspects can be significantly improved, if the
sacrificial agent is at the same time turned into valuable products, or if waste is deconi¥é%ed
Additionally, they can havéess obvious influences that can lead to the misinterpretation of results.
The use of methanol, for example mighdost the amount of generated hydrogen from water, due to
hydrogen also being a sigwoduct of methanol oxidationwith the extent of contrilation from
methanol being a topic of debafé-*>121% Moreover, produced radicals during the oxidation of hole
scavengers can inject additional electsointo the conduction band of the photocatalyst and thus
increase the amount of electrons available for hydrogen evolutian effect known as photocurrent
doubling®”1%1%Eyen worse, this oxidatiogpand thus hydrogen evolutiog is not strictly restricted

to light conditions, but can also occur in the dark oselected catalysts, such as platinum, thereby
falsifying the amount of Hactually producedia photocatalysig?"8

a)

Methanol Oxidation (in Water) b) Silver Nitrate Reduction
HO +1' A TOH + Ag+e A AS
.. .. n A(jA Agon
CHOH HOHA 'CHOH + HO
Or: CHOH HOHA CHO + HO ©) lodate Reduction

tCHOHA HCHO +Hr e ST BRIl O [Tt

2H+2eA H d) Peroxodisulphate Reduction
HCHO + # A HCOOH SO +e A SQ'f-+ S
HCOO|‘A CQ+H> SQt + HZOA SQZ +-fOH +H

Scheme Schematic reactions dMeOH oxidatior{a)?®9>AgNQ reduction(b),®>iodatereduction (c)°and peroxodisulphate
reduction (d)?

Several sacrifial agents, such as methanol, iodates, or even worse Agi@er from sel
decomposition under light irradiation, especially under higtensity UV light. Thus, significant
amounts of oxygen are produced from irradiated aqueous solutions of electroaragans even in the
absence of a photocataly$t.

Additionally, the use of AgN®@esults in the deposition of silver on the photocatalyst, which might
alter the charge transfer mechanisms in the system and will also affect light harv&stintne
concentration of a reaction product in solution has to be determined raftee photocatalytic
experiment, ag.g.in the nitrogen reduction reaction (NRR), the sacrificial agent and its decomposition
products can additionally interfere with the quantificatiéil.The sacrificial agent can also influence
the morphology and distribution of photodeposited cocatalystdue to the multitude of additional
effects a sacrificial agent can have, careful control experiments should be performed to paint a
complete picture of occurring processes.
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Another efficientstrategy for activity enhancemendirectly targets the charge separation in the
semiconductor photocatalyst itself.o better understand such approaches, one first needs to address
the question of howexcited charge carriersare intrinsically separated anttansfered to a
semiconductor surfaceElectrons and holes followoncentration gradientgdiffusion current) and
electric field gradientgdrift current). The former is usually not very efficient and depends a lot on the
charge carrier mobility, wheredbe latter isthe fundamental driving force for charge separatfjf'2

Both forms of charge separation are not independent of each other, howBtietoelectrochemistry
applies an external bias and thassiss in the charge separation idirection of applied potentiat
Photocatalysis on the othdrand does not have such an advantage and thus requires internal electric
field gradients in the photocatalytic system its&lfThe most important electridield for charge
separation iduild up at interfaces. A semiconductor sudagsually differs from the bullsince surface
atoms lack sufficient neighbours. This is well known for oxides, where undercoordinated oxygen atoms
form dangling bonds that are often terminated pyotons, forming hydroxyl groups. Alternatively, the
oxygen atom can be negatively charged, which results in a charging of the stiffaashich kind of
surface termination/ charge is present, depenals the environmentg.g.air orwater as srrounding
medium, andthe pH valueg or more precisely the difference between the pH and the point of zero
charge (PZC}* As a consequence of structure disruption at the surfabe electronic structure of
surfa@ and bulk almost always differ and electronic surface states are foate energ within the
bandgap of the semiconductdiat least for anionic dangling bond$y!*However, there is no strict
cut between the electronic structure of surface and bulk, bubatinuous gradient that is build up by

an equilibration of Fermi leveland surface stateg at least indoped semiconductorsThese are
semiconductors, that possess either an excess of electrotygé), or excess holes-{ppes), which

are also referredo as majority charge carriers and cause a shift in the Fermii tdaser towards the
conduction orvalence band, respectivelylhe same situation occurs if a semiconductor is in contact
with either a metal, a second semiconductor, or a liquid electeolguch an establishment of electric
field gradients represents an effective way to improve charggier separation in semiconductor
photocatalystt484.116

In thesimplestcase, an interface between a metal and a semicondustfmmed across which charges
can be separatedBoth have differenFermilevels. When brought into contactlectronswill transfer
from the constituer with the higher Fermlievel to the one with a lower Ferrtgvel,thusreducing the
overall free energy of the systedften, the density of surface states is higher than the number of
bulk dopants, which results in the Fermi level being almost independénthe bulk dopant
concentration, but instead determined by surface states. This effect is c&lkuni level
pinning23:84.113.116

In photocatalysis, especially reduction reactions, usually noble swtti large work functions(m)

are employed as soalled cocatalysts to which excited electrons are transferred. Foitype
semiconductors the work function of the metal is usually higher which leads to electron transfer from
the semiconductor to the metal until an equilibriume. alignment of the Fermi levels, is reached. In

this state the metal surface is negatively charged, whereas the interfacial region in the semiconductor
is positively charged. Since the number of charges in a semiconductor is limited, the loss of electrons
at the interface cannot be mitigated and a depletion layer is formed. The reverse case is true if the
semiconductor work function is larger than that of the metal, resulting in electron transfer to the
semionductor, where they accumulat@ the interface forming an accumulation zorfé113114.116
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Figure 7Band bending at the interface of a semicondud®€)and metal: For an-type semiconductor witle(SCXk B{m)
(left), or withE{SC) BE{m) (right) shown at the top and for atppe semiconductor ith BE{SCxk E{m) (left), or withE{SC)
>E{m) (right).Partiallyinspired byref.116

Both depletion and accumulation zos@retypesof space charge regioriBhe potentials of conduction
and valence band in such space charge regions differ from the bulk,ssirglectric field is formed,
due to charged interface between metal and semiconductorwhich results in band bending.
Additionally, the concentration of minority and majority charge cagiedifferent in proximity to the
interface.For/ sc</ mthe bandsin ntype semiconductorbend upwards, since elecins are repelled

by the metal surface, increasing the energy of electrons in proximity to the inteffagere J. Such

an upward bending results in a barrier being formed between metal and semiconductor, the so called
Schottky barrier which impedes amlectron backiransfer to the semiconductorFor/ m < 7 scthe
bands bend downward$n ptype semiconductors, similar band bending situations can occur, but with
reverse direction of the band bendinge. downward bending for depletion layer and upward bending
for accumulation layer formation, since kslare consumed/ generated in the process of Fermi level
equilibration.Since the Fermi level oftype semiconductors is close the conduction band energy,
whereasthat for p-type semiconductors is closer to the valence band, work functions typ®
semiconductors are usually largeFherefore, when in contact with a metal of relatively large work
function, such as noble metalsepletion layers are predominalytformed in ntype semiconductors,
whereas accumulation layer formation is common itype semiconductorg:113.114.116

Oftenphotocatalysts are nanoparticulafowders.If the particles are small, the normally established
bulk space charge region at an interface with a metal can exceed the dimensions of the partitte.
case, the band beting is significantly reduced and does not significantly contribute to chieagsfer

in the semiconductor. This is further aggravated by a low concentration of bulk chargesi&igere

8) 113116118 Eyrthermore, the situation is often complicated by defects at the interfice

The system of a semiconductor photocatalyst and a metal cocatalyst serves multiple purposes, the
most significant of which is the improved charge separation. The metal thereby often acts as an
electron sinkand thusasthe active site for reduction reactionSspecially for photocatalysts that suffer
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from photocorrosion, the improved charge separation can result in an improved stability of the
photocatalyst!®®

Energy

Bulk without Big particle Small particle
band bending (dp < rsc) (dpi > rsc)

Figure8 Band bending in a big particles a small photocatalyst particl&dapted with permissionfrom Hagfeldtet all18
Copyright from the American Chemical Sociay2

Furthermore, the reduction and oxidation sites aspatially separated which leads tocontrolled
charge migrationand a suppression afie reverse reactionApartfrom having a large work function

for efficient charge separation, the metal also needs to possess active sites for the adsorption and
reaction of reactants andlaw overpotential.The latter two are characteristics also found in efficient
electrocatalyss and determine the efficiency of reactant activati®@ince the adsorption of reactants

and the conversion mechanism are influenced by the cocatalyst, the selectivity can additmnally
influenced>11%123

A special group of cocatalyts are metal nanoparticles additionally exhibiting localised surface plasmon
resonance (LSPR). In this case, the metal nanoparticle not only assists in charge separation, but can
additionally serve as sensitizer sirce light is absorbed to induce electron oscillations. Most common
metals for plasmonic interactions are Au,,Agd Cu due tdheir high concentratiorof delocalised
charges. Resonance frequency and thus the ramigkght absorption are strongly dependeiin
particle size and shap&ccalled tot charge carriers are created upon the excitation of LSPRs, either
directly through absorption, oviathe decay of plasmons. Such hot electrons possess sufficiently high
energies to overcome the Schottkarrier ard transfer to the semiconductor conduction bagkdgure

9). Additional effects are an improved charge carrier excitation by influencing the electric field in the
proximity,improved light absorption in the semiconductor due to scattering effemt@n inceased

local temperature through plasmon decgf20-124

Band bending and the generation of intrinsic electric fiakleot limited to semiconductemetal
interfaces, butalso present at semiconduct@emionductor interfaces. Hence, combinations of two
semiconductors can be designed to improve charge separation. If two semiconductors are brought
into contact, charges can be excited in both, depending on the respective band gaps. If the band gaps
of both saniconductors differ sufficiently, larger portions of the incident light might be harvested
compared to one material alon€ommotty, electrons will transfer from the semiconductor with the
more negativeconduction bandootential to that with the less negate band potentigl while holes
migrate from the semiconductor with the mopositivevalence band potentidevelto the one with

a lower valence bangotential, following the potential gradient across the contact area. Such a kind

of semiconductor combuition is callecheterojunction,8%82.12%128

13




a) Schottky junction b) Plasmonic effect = ©) p-n junction
hot charge carrier injection
O Evac ) Evac E\‘a‘:
EVBC Evan E\n’EC
electric field ‘7
e -+ *
4
1A A
Ecs ad :I¢'SE Eca Ecp
Ee Er Er Er Ee Ee
B o — E __ E —
b— e i pw— il Ve |
n-type metal n-type metal n-type p-type
semiconductor semiconductor semiconductor  semiconductor

Figure9 Charge separation with electron transfer from atype semiconductor to a metal cocatalyst over a Schottky contact
(a), hot electron injection into the conduction band of #pe seniconductor (b)and charge separation over angunction

(©).

There are three different types of heterojunctigithat are divided based on theelative band
positions. In typelboth the conduction band and the valence barfdne semiconductoare of higher
(more negative and more positiveespectively energythan that of the other hence both types of
charge carriers will accumulate on one of the constituents, which might result in recombination, if the
charges are not consumed quickly enough in sedEactionsin typell heterojunctions, the conduction

and valence band positions are stacked: electrons are transferred to one of the semiconductors, while
the holes travel to the other, resulting in optimal charge separation and thasseparation of
reduction and oxidation reactions on different semiconductors. Tilpdneterojunctions are an
extreme case of sggeredband potentials, only with a larger offséFigure 108182126 A type II
heterojunction is especially favourable, if bandend towards anotherg a bandalignment best
achieved in pn-junctions Figure 9.84125127A special kind of heterojunctioran be formed between

two phases or modifications of the same materialg. rutile and anatase in TiQor differently
synthesised €3N, 12%131

Band bendingn heterojunctionscan either assist in charge separation, or impeddépending on the

work functions of the semiconductor€harge separation in heterojunctisystems relies on the
migration of electrons between conduction bands and of holes between valence bands in different
semiconductorsA different charge transfer mechanism is realised in diesthemes'®*134 Again,
reduction reactiongake place on one of the semiconductors, whereas oxidation reactions occur on
the other. The lefover charge carriershowever,directly recombine across the interfaceigure 10.

Sucha transfer mechanism is especially favoured if conduction band potential of one and valence band
potential of the other semiconductors are of relatively similar energy and band bending assists in the
transfer!®? Normally, both semiconductors are-tppe in such a band alignmenthile charge
separation in typell heterojunctions comes at the drawback of reducing the enerdferdince
between oxidation and reduction potentialseduction reactions in direct-Zchemes occur on the
semiconductor with the more negative conduction band and oxidation reactions on the on¢heith
more positive valence band. This caignificantly icrea® the potential difference and thus the
thermodynamic driving forcéor redox reaction§*13*An advatage of both type Il heterojunction and
Z-scheme is the separation of reduction and oxidation sites and thus the inhibition of the reverse
reaction.

The reports on direct-Zchemes practically have greatly increased during the last decade. In principle,
Z-schemes are an imitation of charge transfer mechanisms between different photosystems in natural
photosynthesis, wherein both photosystems are excited upon light irradiation and electrons are
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transferred from one to the other. Redox mediators are usedlie exchange of the residual charge
carrier on each system and prevent recombinatiéfin3’

a) Heterojunctions

type | type Il

b)

Direct Z-scheme

Reduction

Oxidation

Figure 10Schematic charge transfer in different types of heterojunctions (a) anégah&mes (b).

A similar mechanism has in the past been examined in terms of indrechemes using redox
shuttles based o€/ Fe&*, VO'/VO?, or IQ /I for charge transfer between two semiconductors that
are not in direct contact with each othé® 134138139\ o satisfactory efficiencies were achieved by such
systems, however, resulting in a continuous decrease in the intereéssdheme systems, which only
experienced a renaissance with the introductiorficdt allsolid Zschemes (here a metantermediate
layer between both photocatalysts is used for electron mediator) and titect Zschemesor, more
recently, Sschenes.** The latter are in principal synonymous to direegchemes, only witlq at least
theoretically ¢ a better characterisation of charge transfer mechanisifidnfortunately, the exact
band potential situation is oftentimesiot characterised and discussed sufficiently and the
classification into direcZ-scheme or type heterojunction is often rather arbitrary.

A special kind of composite material is that between a semiconductor and a photoactive small
molecule (dye). Herehe dye acts as plhosensitizr, absorbing light also of wavelengths exceeding

the band gap energy of the semiconductgrand transferring the excited charge carrier to the
semiconductor, thereby significantly extending visible light harvesting inyisiers). The dye can be
reduced back to its original state by an electron doHé#*

Apart from an improved charge separation, the combination of two or more photocatalysts can have
additional advatages. As discussed above, efficient light absorption is a prerequisite for solar energy
conversion. For visible light absorption, semiconductors with band gap energies below 3 eV are
required. At the same time the conduction and valence band levels rekd at suffieently negative/
positive energyrespectively, for charge cagrs to be used for the desiradactiors. Moreover, good
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reactant adsorption and low charge carrier recombination rates are required. The combination of
these demands is hard t@ulfil by one photocatalyst, manifesting the importance of composite
systems, wherein the benefits of both are exploited.

In addition to that, material properties can be tuned in order to better meet the requirements. Thus,
both band potentials and band gaenergy can be adaptetb some extent Element dping is a
strategy well known in photovoltaics to increase the amoohtcharge carriers in a system. The
incorporation of additional elements into a material alters its electronic structure. Thus, dapaats |
above the vance band (donor levels), below the conduction band (acceptor levedsh narrow the
band gap substantiallgFigure 1). Electrons can be excited from the additiodalnor levels to the
conduction band in the first case, while in teecondcaseexcitation can proceed from the valence
band into the additional dopant levels. Badbproaches resuih an extended visible light absorption.
For low dopant concentrations, oth acceptor and donor levels are localised. If the dopant
concentrdion is sufficiently lgh to form a delocalised baridside of the band gaghese additional
levels are referredo as midgap state$3:84142144

In oxide materials, the valence band is mainly formed by oxpgmbitals, whereasempty transition
metal d-orbitals often form the conduction bands. If sulphur instead of oxyg@nbitals corstitute
the valence band, its energy is atess positivgpotential, due to the participation of electrons ip3
orbitals in sulphur. This results in lower band gap energies of sulphides compared to'&tgsing

is possible with cations either with higher valence, often of metals withlly occupiedd-orbitals for
the introduction of additional donor levels, or with empty orbitals, such as alkali or alkedirib
metalsfor the lowering ofthe CB potential*? Doping with anios of lesser electronegativity e.g.
nitrogen, sulphur, or phosphor in oxide materigl®n the other hand mainly introduces additional
occupied donor state¥*'“¢ If the energy difference to OpXstates is small, the dopant orbitals can
mix with the oxygen one¥?® Depending on the energy difference between band potential and dopant
level, it can be differentiated between shallow and dedgpants which not only differ in their
potential, but also in the extent of ionisatidghDoping might furthermore induce lattice expansion or
distortion, which has an additional effect on the electronic structifre.

a) b)
E/Vvs. NHE

Donor Acceptor Vacancy as

undoped dopant dopant dopant

Figurel1 Reduction of the band gap by doping and the introduction of donor levels above the ctrdbeind (green), of
acceptor level®eneath the valence band (yellop)r intrinsic narrowing of the band gap by the existence of oxygen vacancies
(grey)(a). Additionally, a deep dopant level is indicated by the dashed Gharge carrier recombinatioat defect sites is

shown in (b). 1: charge carrier generation and separation, 2: recombination at grain boundaries, 3: recombination at point
defect in the bulk4: surface recombination.
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Apart from altering the band gap energy and the potential of cotidn@and valence band, doping can
affect charge separation efficiencies. On the one hand dopants can act as recombination centres,
especially for deefraps in the middle of the band gaffigure 11.2*'?2 On the other, however,
dopants can decrease the concentration of defecivhich are predominant bulk recombination
centres.Hence, the dopant concentration also directly affects the charge carrier moBflifus, the
presence of oxygen defects in oxide materials commonly results in partial reduction of adjacent
cations,e.g.of T# to T in TiQ. Viaintentional doping of medl cations with a lower valencéje
amount of reduced metal species cane bdecreased, thereby decreasing charge carrier
recombination®®%1%2 |f excessive amounts of alivoalent dopanti(e. a dopantof either higher or

lower valence) is introduced, however, more defects in the form of vacancies or partially reduced
metal species are generatéef A strategy to prevent this and keep charge balance can be the co
doping of elements with both higher and lower valerft&31%415Additionally, recombination can be
suppressedy trapping electrons??145156Thijs can be beneficidlthe trapped charge carriers can be
usedfor the targeted redoxeactions. At high concentration, excitation can occur from or into-mid
gap states, thereby significantly improving overall light harvesting.

A special kind of doping is the introduction of defects, typically in the forrrac&ncies whichare
intrinsic dopants. Vacancies reduce the coordination number of adjacent atoms, increasing their
reactivity1*’ Generally, it can be distinguished between electronic defects and ionic defects. The first
represents additional electrons and holes, whereas the latter encompasses the presence of additional
ions, or the lack of a lattice ion. Naturally occurring ionic point defects are divided into interstitial
defects (Frenkel defectd)e.the presence oions in between lattice sites occupied by the constituent
elements in the crystal structure, and Schottky defects the absence of ions from their normal
lattice sites Figure 12. Both follow the principle of charge neutralind are intrinsic defest®’1*¢The
absence of a charged ion in principle equals to a defect site carrying the opposite cHangethe
creation of a positively charged anion vacaneyg. oxygen vacancy, always requires charge
compensation by the eation of a cation vacancy or of excess electréns.

Perfect Lattice Vacancy Self-Interstitial
00000 00000 00000
00000 000 o 000

Schottky Defect

Frenkel Defect

Foreign Atom

Figurel2 Examples of pointlefects in a clospacked lattice of amins and cations with conservation of charge neutrality.

The same principle is true for element dopimngwhichthe introduction of cations with a different
valence must be compensatedg. via the creation/ consumption of oxygen defects. Alternatives for
the preservation of charge neutrality would be compensation by electrons or holes, or in the case of
acceptor dopants (negatively charged, due to the lower valence), with interstitial c&fidmsonic
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defects are frequently present in metal chalcogenides or nitrides. Thygen vacancies acmmon

in metal oxidesand were shown to improve the photocatalytic activitysieveral case®® Since they
are positively charged, they act as electron acceptbt®:1%In carbon nitrides on the otheramd,
nitrogen vacancieglay an important role®<1%4 Strategies for the creation of anionic vacancies include
reduction with NaBH'® reduction with H at elevated temperaturé®® anneaing in argon or
vacuum?6”:168gr etching!6%170

Apart from the so far discussed poiiefects, additional defects, such as stacking faditdpcations,
distortions, or grain boundaes between crystallites can exidt%!”® While bulk defects frequently
serve as recombination sites andeathus impedimental for high efficiencigsigure 11) surface
defects can assist in charge separation and electron transfer to/from adsorbing reactants. Similar to
extrinsic dopants, thegan alter the electronic structureenhance light absorption andxtent the
lifetime of excited charge carriet$21"*The role of defects can exceed that of changing the electronic
structure. Thus, wface \acancies can additionally rse as active sites for catalytic reactioitiey

differ in energy from the surrounding atoms, which is often favourable for the adsorption and
subsequent activation of reactant§s7®

Apart from the combination of photocatalysts, or intrinsic changes in the semiconductor itself, the
promotion of charge separatioand suppression afecombination carbe achievedby tailoring the
morphology of the photocatalystOne example would be narsiructuring, as discussed above.
Anotherisfacet engineering’’1’®Thisprincipleis based orthe fact that catalytic reactions normally
proceed on the surface of a material and are thus directly influenced by the surface structure.
Parameters influenced by the surface compositionegeadsorption and activation energiesftén,

some crystal facets are more active for a reaction than others. Additionally, charge separation might
be more favourable in some directions than in oth&¥s\’®1®|deally, adirected separationof
electrons and holew® different, speciesspecific sites in therystal structurevould berealised’®

2.1.3Photocatalytic Water Splitting

Photocatalytic water splitting is probably the most extensively investigated photocatalytic reaction. It
combines the reduction of protons to hydrogen with the oxida of water to oxygenHEq.5 -
8).646585112.144.18}t thusrepresents a sustainable pathway to directly generata$ia green fuelusing
sunlight and water(Figure 13. Both reactions are highly pH dependent, as they involve protons. While
the hydrogen evolution reaction (HER) is more favourable in acidic and neutral environment, the
oxygen evolution reaction (OER) proceeds much faster in afirdlenvironment, as can be seen from
equations8 and 10.%>112 Additionally, both HER and OEg#Rult ina change of local pH, since protons

are consumed or produced, respectivéhit is furthermore evident, that the oxygen evolution is a
multi-reactant, multielectron process, hich results in slow reaction kineticklence, the OER is
usually the rate and efficiency limiting factor in overall water splitting (O\&:183

In photocatalysis, the reduction and oxidation potential are determined by the band gap and band
positions, since they predetermine the potential ofgib-excited charges. In theory, 1.23v8. RHE

are required for the splitting of water. Additionally, the valence band maximum has to be located at
more positive potentials than 1.23 %. RHE and the conduction band minimum at more negative
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potentials than 0 V for electrons and holes to have sufficient energy for water oxidation/
reduction®18+18However, there is an activation barrier for the electron tramgfe species at the
catalyst surface that increases the required energy input. Thus, in praxis the band gap needs to be
larger than at least approx. 1.6'%.

HIPbr SO |, 9, § n (5)
Hl,h PO niPbh, 9%, § MOHT O+

n 1AnkPo h,b Iyh 9%, & M®H 0

W C
l,hol,b mgepp pDT HB5Y, o0y o

Fgure 13Watersplitting on a photocatalyst equipped with both an oxidation and a reduction cocatalyst.

For semiconductor photocatalysis, the potential available for the driving of reekotions is usually

not equal to the band gap potential, but instkdo the photovoltagej.e. the potential difference
between quastFermi levels of electrons and holes. Those are the shifted Fermi levels upon illumination
and charge excitatioff® The photovoltagelepends amongst others on the flat band potentia.the

band potential established if an external voltage is applied to flatten band bending), the extent of Fermi
level pinning(i.e. the control of surface states over the Fermi level and thus indepecel®f bulk
dopant concentration), and the surrounding environmenisithus commonly smaller than the band
gap potentialt16-121

Themore negative the conduction band potential and the more positive the valence band potential,
the higher the drivingdrce for the respective reactiort the same timethe band gap must not be

too largeto allow for efficient solar light harvestingj.These requirements are in addition to efficient
charge separation and reamit adsorption and activation, as discussed above, which makes overall
water splitting with one system highly difficult. diefore, commonly only one haféaction is
investigated for a materiat at least initially. Thisllows for a systematic optimisati of this side,
before the development of systems covering both half reactisrettempted Instead of performing

the other half reaction, a sacrificial agent is employedncrease the number of available charge
carriers and thereby the quabiermi leels and thus driving force far photocatalytic reactiof?’

Since both HER and OER require (photogenerated) charge carriers, the efficiency moreover depends
on the carrier diffusion length especially that of the minority charge carrier. Many photocataljats

the OWS are+type (Figure 14, which means that hole diffusion is another limiting factor affecting the
OER. The problem is further aggravated by the larger effective mass of holes compared to el&trons.
The slow hole diffusion is a major prebi e.g. in hematite, FeOs;, photoelectrodes8%%
Furthermore, the greater mass of,©@ompared to Hin combination with frequently high oxygen
affinity of the materials result in a slower diffusion from the catalyst surtéte.
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Potential vs. NHE (pH 0)

n-type ‘ p-type

Figure 14Band positions for important watesplitting photocatalysts. Those capable (at least in theory) to perform overall
water splitting are depicted in blue, while those with suitable band potentials for only the OER are shapwaritvalues for
band potentials are taken from listed references: J({@natase) and SrTi3%? Fe03,193 W(;,194195Zn019% BiVQ,197 CdS}%8
g-GN4,1%9MoS (monolayer)20 TaON and Cap@,.201

As illustrated by the requirements for and issues faced in ovemtibmsplitting, efficient OWS over

one semiconductor photocatalyst is challenging. Nevertheless, the activities and efficiencies reached
increased during th past decades of research, often strongly coupled to strategies of efficiency
enhancement. Some important semiconductor photocatalysts for OWS and OER are deptigedan

14.

The HER as the easier but in terms of products also the more interestinfporeds the better
researched half reaction of the tw Initially, much focus was put on Ej@llowing in the footsteps of
Fujishima and Hond42°?2 Anatase is thereby generally more active compared to rutilbrookite,

due to acommonlyhigher surface area and greater abundance of oxygen vacanthiésis especially
obvious in Ndoped anatasg®%2°* Even more active are composites of anatase and rtifl€°
Another important HER catalyst is CdS, which absorbs visible light and has been extensively studied in
the past?°*21° However, CdS suffers from a postability and extensive photoorrosion and is
additionally problematic due to the toxicity of €tSince Wangt al.reported on photocatalytic HER
with polymeric carbon nitridg!* a visible light absorbing, carbdpased polymer, many papers
featuring carbon nitrideshave been publishe#*2° Many reports are based on@N,, althoughin
reality, most structures of obtained carbon nitrides are not graphitic, but instead not fully condensed
and of low crystallinity#?%?24 More recently, crystalline carbon nitrides have also been expl&&d#®
Various heterojunctions have been developed for improved photocatalytic performance compared to
the single component system. Especially composites with T@5and gGN. as one of the principal
constituentshave been tested%23

Noble metal cocatalysts are usuadigidedto improve theHERefficiency!!® The proton first adsorbs

to the metal surface and NH bonds are formed coupled to an electrsansfer. Subsequently, oHis
formed catalytically. The most important noble metal cocatalysts for the HER ared RhThis is due

to a direct dependence of the hydrogen evolution rate on thédNdond strength, which mptimal for

Pt® Sometimes Pd, Ag, or Au amsed as well, the latter two often in the context of plasmonic
excitation?3%24° A huge advantage of noble metal cocatalysts besides the laoglk function is the
possibility to directly deposit them out of a salt solution selectively on sites with high electron
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concentrations using photodepositicft2*> Earth abundant cocatalysts such &ophosphides
(CoP),243244 M0S,245246 Ni, or NiS*724° have recently emergedotreduced material cost¥:56:250.251
Some of these can be photodeposited as II.

For the OER the number of reported photocatalysts is lower, as is the observed a8tiNitythe
development of more sophisticated systems gsioombinations of semiconductors, doping, or
morphology engineering led to a gradual improvement during the past decddesfor the HERiG:

is one of the most widely investigatesemiconductor$®25325 BjvQ has emerged as another
promising material for the OERspecially after Mo dopingras shown tosignificantly improve the
electron transport and thushe performance'®”-?5%25” Other important OER catalysts ar¢0;,258260
and Fe0;,190:191:261.26%agpecially in photoelectrochemistalso owingto their visible light absorption
properties'®201Additionally, ferritehave shown potential in photoelectrochemichal water oxidation,
e.g. ZnFeQ,, or CaFg,.2%%’% Cocatalysts are again important for the achievement of goed O
evolution rates. Conventioilg, IrQ and Ru@were mainly used®26927%273Thjs was followed later by
Co based cocatalyts, such@sphosphate CaO; or CoOOH?®:258.27427\1ore recentlyCo, Ni- andFe
oxyhydroxideshaveemerged as earth abundant, amcat least for Feich oxyhydroxideg non-toxic
cocatalystg/6282

Initially, TiQ and SrTi@were mainly investigated for thOWS. Many of thérst reported activities
were vey low, however, and sometimes ambigudtig®*28> A majorproblem often encountered is
that of the backreaction of H, and Q to H:O, which iscatalysed at the same sites as the water splitting
reaction®® KsNbsO17 was discovered in which theeparation of both reactiont separate layers is
realised Figure 19.2¢ A similar strategy is pursued in layered perovskites, especially titaff4tes.
Some years later, tantalates were discovered as active photocatalysts for®&WEspecially NiO
loaded, La:doped NaTa®Ghowed a very promising activity, which was attributed to a separation of
HER and OER onto different sites in the struc(figure 1%.2° A relatively high conduction band
potential and thus enhanced driving force for reduction reactioontributesto the superior activity
comparedto titantes or niobate$® Another active water splitting catalystis Zndoped Ga0;.2942%
Many active photocatalystfor OWS contain metals wit® or d'® configuration. For these
semiconductor oxides, the valence band level is predominargtgrohined by that of O 255201

Thewater formation reactioncannot only be sppressedby spatial separationf reaction sitesbut

also by cocatalyst engineeringoreshell cocatalysts are especially advantageous in this regard. The
reduction reaction proceeds at the core and the outer shell is penetrable for the evolyeoutH
prevents access of Qo the active catalyst sites. Prominent examples are Ni/NiO or RB{Cr
cocatalystg®%30 For the Ni/NiO system, Ni additionally serves as hydrogen evolution cocatalyst, while
NiO is an electrocatyst for the OER! The role of GOs; on the other hands ambiguous, bumainly
seems to be the blocking of the Rh surface for oxyjen.

Initially it wasassumedhat water oxidation cocatalysts are not necessary for OWS due to the high
valence band potential of many oxides. Hoxgr, the dgosition of both HER and OER cocatalyst could
significantly increase the activity aeveral materials, such asarbon nitrides’®? or GaN:ZnG’?
Recently, SrTighasreceived a lot of attentionafter the group of Domen added a CoOOH cocatalyst
in addition to conventionalRh/CsO; onto Aldoped SrTi@and achieved a very high quantum
efficiency?’# In fact, the system was efficient enough for large scale studies in a prototype panel
reactor system, to explore the options fduture industrial H production via photocatalysis. No
economically viable Horoduction could be realised, though® Doping of SrTiQwith Rh or Al has
generally proven an efficient strategy fiaducing the band gap anémoving T trap states!®1284.304
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Fgure 15 Strategies for activity enhancement for OWia separation of reactions on differenttes (a), adapted with

permission from Katet al., 2%

benefcial for an inhibition of the reverse reaction (c).

orin different layers (bf.SGAIternatively, coreshell cocatalysts, such as/RirO; have proven

Many of the stateof-the-art photocatalysts, such as BiQr SrTi@are only actre underUV light.
Therefore, strategies to improve visible light ak®ion ¢ such as conversion to oxynitrides or
oxysulphides ¢ are currently extensively investigatétf:'813%308 One of the most important visible
light active photocatalystef this category is T@QN especially after modification with Zs&°310An
additional example is (Ga&Zn)N1xO,,31%313 which shows agpd water splittingactivity under visible
light irradiation or ZnGeoxynitride3** A prominentexample for an oxysulpte photocatalyst is

Y2TpOsS. 3

A major prdolem in the design of new photocatalyst materials teéain lack oknowledgeregarding

the intermediates of a photocatalytic reaction, the presence or absence of rate determining steps, or
correlations of parameters such as light intensity, sacrifag@nt concentration, or numberf@ctive
surface sites, with thactivity 117187 Additionally, material changes might occur undee ttonditions
employed in a photocatalytic experiment and/ or light irradiation, especially at the sutf&e€.
Continuous mechanistic research and the combination of theoretical calculationsoperdndo
measurements will be needed for a better understanding of fundamental processes in semiconductor
photocatalysis, Wich is in turn indispensable for the rational design of new photocatalytic systems
that may tackle the issue of lowfficiency During the pastdecade, characterisation studies on
electrocatalytic reaction systenia operandohave been addressed more wigieespecially using-X

ray absorption (XAS) and near ambient pressurayphotoelectron spectroscopy (NAEPS§/9314324
Valuable insightsan also be gained for photocatalysis, since electrocatalysts are frequenthasised
cocatalystsin combination with semiconductor photocatalysts. Furthermasperandostudies are
gradually more addressed in photocatalysis, as #&fe

2.1.4Photocatalytic Nitrogen Reduction

Ammonia, Nkl is one of the most important synthetic chemicals, as it is crucial foraecttion of
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Over 175 million tons of Ntare annually produced and a growth in the production is expected, in
tandem with a growing world papation 231332 This makes it the second most produced chemical
worldwide #2380 %- 85 % of the synthesisadH; are further used for the production of fertilise?&.334
Additionally, ammonia is becoming more and more important as a chemical storage medium for H
due to its highcontent of bound hydbgen of 17.6 wt.% and storage at low pressures in liquefied
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form.*8>13351t can directly be employed in solid oxide fuel c&8°Industrially, NHis praduced by
the HaberBosch process fromaHand N gass at elevatd temperatures and pressures large
centralised plants Rigure 1@).331:33%33% The production requires * 2 % of the global energy
consumption and contributes to global @@missionsby a share of &, 2 %, mainly due to the
generation of Hviamethane steanreforming prior to the actual HabeéBosch process, which alone
has a share of around 2 % of the annual fossil energy derf{a#fd:+!

a)
Large Centralised Plant
FeMo-cofactor
Steam Reforming Ammonia Synthesis
% b8
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Figure 16llustrationof the conventional HabeBosch process in centralised power plamtgh on-site generation of klvia
steamreforming (a) and structure of the FeMmfactor in nitrogenase enzymes (b). Tsieucture is reprinted with
permission from referencé?® (Copyright American Chemical Socie§ylphur atoms are depicted in yellow, iron in orange,
molybdenum in purple and carbon and oxygen are shown in black and red, respectively.

Photocatalytic nitrogen reduction aims at the direct production of ammonia from gasedos ideally
air)and wder under ambient conditiong371.72174.348346 Ampjent nitrogen reduction is already realised
by nitrogenase enzymes in microorgangsim which tre cofactor at the active sitismainly composed
of iron and sulphur atoms, in addition to molybdenum, vanadiemmore iron(Figure 1®). The full
mechanism is not completely understood yet. In generagrdination of N to the active centre is
followed by activation, which facilitates the reduction and protonatigkilP is used as an energy
source His produced as a concomitant4pyoductandthe reversible replacement of a sulphur atom
was found to play an important role in the procégs34%%! Investigations onrinsition metal catalysts
revealed that nitrogen is activatada backdonation from the metal centre to nitrogen, increasing the
electron density in antbonding orbitals’*®352The structural composition of the active centre led
many biomimetic approaches focussing on iron, molybdenum /@andsulphur containing
compounds®%%2 Examples include binary sulphides, suchMeS,*"3%62 or Fe$,3%5:%64365 jron-
molybdenum oxides, such as FeMg®€5%%and Fe(MoQy)s,*8and ternary oxides and sulphides, such
as FeMaS;,*%? Fedoped SMo00,,*” or BbMoO.." All of these examples excef@bMoO, were
reported for electrocatalytic nitrogen conversion, however, due to the awous high demands on a
photocatalyst for the NRR. Especially for ternary-moslybdenum oxides and sulphidefetnumber

of reports is scarce and the achieved activities and selectivitsgs comparatively low.

Photocatalytic nitrogen reduction suffefiiom low efficiencies. This is partially due to the very stable
N-N triple bond that ishighlyinert, as well as unfavourable one or two electron transfer stepdhe
LUMO, which is located at a high enerdye NRR idurthermore a multielectron, multiproton
process, since the reduction of one molecule efédjuires the transfer of six electrons and six protons,
as elucidatedby equations 9-12.3847368 The high energy requirement for the formation of
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intermediates kinetically impedes the reduction, which from a thermodynamic perspective is quite
favourable (Eqg. 12). Both proton affinity and energy barrier for cansee steps decrease after the
first electron transfer step®?

b,byl®6cS0 H IP 9, ¢ NOPHT N =+ 6 O
by,b 1Eb SO Hbl, 9G,¢ nNn®mnlyt Bt Ay S GmMno
l,h £ bHKPO ndhpg A bHIPLE L] 9g 9 MPHO = SMMOU

b,bol,h © H Ipbmdhp nD cTy 1 WKY2T OMHDU

The small potential difference of thesMNIH; and the H/H, redox couple, together with the kinetic
limitations in the NRRmakes hydrogen evolution the most important competitive reaction. Hence,
selective NRR is highly challenging in aqueous naattlarequires catalysts that preferentially bind
nitrogenrather than hydrogeratoms at the surfacé®® Additional sidereactions can be the oxidation

of No to NO, nitrates, onitrites, the production of hydrazine N4, or the oxidation of Ng7:72:370.371

Since Mreduction to ammonia requires protons, thieaction in aqueous media is dependent on the
pH, with higher activities observed under acidic conditions, in agreement to a higher abundance of
protons %8 Apart from the parasitic HER, NRR in aqueous media is further impeded by the low solubility
of gaseous N An emerging strategy for ¢hcircumvention of this problematic in electrocatalytic NRR

is the use of ionic liquids that can both improve the Faradaic efficiency and the ammonia/igiE3

A) associative mechanism, distal pathway
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Figure 17The threemain pathways for nitrogen reductioAdapted from reference%t2.368374

A prerequisite for good activity in NRR is an efficient adsorption arndaéiotn of N. The first electron
or proton coupled electron transfer steps are with16 Ws. NHE, 0¢3.2 Ws.RHE strongly endergonic
and represent high activation barriers for the reactfdrm lowering of these activation energies
through interaction with a catalyst surface is thus crucince an abundancy of active sites in
combination with the presence of metals with an ability for badkation are targeted material
properties in tle design of NRBatalysts®>? The reduction of Nto NH; involves bond dissociation as
well as protonation and reduction steps. The precise order of these stepboigever, not
predetermined but depends on the respective catalyst. Mainly thréferdint pathways are postulated
(Figurel?). One is the dissociative pathwaythe route mainly followed in thermal catalysis, such as
the HaberBosch process. Herein N cleaved into bound Midatoms upon adsorption to the catalyst,
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which are subsequently hydrogenated to form NI second athway is associative in nature:
Adsorbed dinitrogen is first protonated ande N-N bond is only cleaved upon dissociation ofsNH
Depending on whether both nitrogen atoms are alternately fgmoated up until the point wherne
nitrogen atom is protonated fully and dissociates as,MiHwhether the proton and electron transfer
steps are initially restricted to one nitrogen atom, two patiys aredifferentiated: the distal and the
alternating onex2368369 The associative nitrogen reduction pathways commonly assume end on
adsorption of the Mmolecule onto the catalyst surface. Alternagly, a simultaneous adsorption of
both nitrogen atomsside-onin a bridge mode could also be assuniéd.

Whidh of the two pathways is followed strongly depends on the material, as the adsorptiopisf N
crucial. Generallyone of the two pathways requires a higher activation barrier than the other and the
rate determining step dependm the respective surfacend ¢ as for the HER on metal electrocatalysts
¢ on the bonding strength towards JN°*"® It is often difficult to distinguish between possible
reduction pathways. Mostly DFT calculations are used to evaluate which pathway is thiketpsin

a specific surfac&>363"%However, they alays requirea set of assumptions and possible models that
are used for the calculationgdditionally, the detection of hydrazine can be an indication for the

alternating pathway, since *M and *NoHs speciesare formed that may desorb from the surfacé®
379

A serious problem foefficient NRR over only one material is tiveear scaling reltionship between

the binding energies of the keyntermediates*N,H and*NH.*"*"538 They represent the most
important product of the first proton coupled electron transfer step and the educt of the last &&p,
the proton coupled reduction and desorption of AN4Thebetter *N-H is stabilised as an intermediat
¢ and thus the better the first protorcoupled electron transfer stepthe more the dissociation of NH

inthe last step is inhibited. & | O2 y & Sj dzSy O &of ihdséStwoRntemiedareSigmush Ay n

larger than what would besquired for both reaction steps to occur at the same potergitdisin turn
results in a higher required overpotentidl*® These scalingrelationships have beeastablished for
electrocatdytic nitrogen reduction, butanin principle #so be valid for photocatalysis and prevent
efficient NRR over a gife material. Therefore, strategies need to be developed, that circumvent this
limitation by following altogether different mechanist#.In electrocatalysis this has been achieved
with Lrmedated approachethat exacerbates the ability of-bietal to spontaneously formitridesat
ambient conditionghat can be hydrolysed to Nlih the presence of a proton donor, which ideally acts
as a proton shuttl€81382Semiconductor nitridesllow for the possibility of nitrogen reductioria a
MarsvanKrevelen mechanismi.e. the conversion of lattice nitrogen to ammonia followed by
subsequent replenishment of the extracted nitrog€ri®384This mechanism is altogether different
from the adsorption and actation of gaseous Mt the surface and can thus avoid the dependencies
of convention reduction intermediate®hotocatalytic systems were found to deviate from the linear
scaling relationships to some extent, which was attributed to a suppression ¢l Correlations
with the metatH bonding strengtlof the cocatalysaind nitrogen binding energies were found to play
an important role’?-385.386

As in water splitting, the initial research was based on,Tafder Dhar observed nitrogen fixation in
desert soils®” This work was reinitiated years later by Schrauzer and Guth, who established a
relationship between the presence of hydroxyl groups in metal oxides and the ability for photocatalytic
nitrogen reduction®® In the following years, the interest in photocatalytic nitrogen reduction
experienced a sharp increasé|l$ocussed mainly on metal oxides. A higher activity of rutile compared
to anatase was observed and subsequently, doping strategies with metal ions, espeéialyeFe
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introduced to tune the ratio of both phases in a Fi@hly compodie while at thesame time improving
the light absorption properties, charge separation and the number of active adsorption%it&€?°
Iron doping might also stabilise oxygen vacancies, that are beneficial for th&NRRtine TiQwas
found to be inactive for the NRRherefore Ti@-based syms always rel on structural modifications
of the oxide itself¢ e.g.through the amount of surfaceOH groups, or the abundance of defects
especially oxygen vacancies &/or on the combination with a second materiat>*?Nowadays Ti©
remains one of the most widely investigated photocatalysts for the N#R39239°

Due to the intrinsically low activity and poor selectivity of most catalyst systems, common strategies
such as the addition of a cocatalyst, the formation of heterojunctions, doping, or the tuning of
morphology and exposed sites are widely pursuedorder to improve both the charge carrier
separation and the nitrogen adsorption and activatibommany cases, several strategies are combined
to achieve both an efficient separation of charges and activatiot#2°74%03 The choice of noble
metal cocatalyst not only affects the activity, but also the selectigitwo characteristics that are
highly interdigitated for the NRR hus, for Ti©the activity decreases in the order of Ru>Rdti>iP

due to a decrease in the M bond strength, which in turn increases the overpotential for the MER.
LI NI FNRY (GKS Ay idNPRRdzOplasnfogic sensitisatibd fwithandtieOhefalQ 02 O
nanoparticles has been used in prominent systems based amai®rods,or SrTiQ175404406 Apart

from TiQ, common netal oxidessuch as F€; and SrTiQ were initially employedand are still
frequently investigated up to dat®™*2 More recently, bismuth oxyhalidesuch as BiOCI or BiOBr
received a lot ofittention, due to high reported yields achievei a good control of exposed facets/
active sites andacile introduction of oxygen vacancies thatp electrons and serve as efent
nitrogen adsorption site$’®49241341The benefits of vacancies for nitrogen adsorption and activation
were also shown foother material classesuch asitrides, making defect engineering one of the
most impatant strategy for impoving NH; yields in photocatalytic NRR' Other important
photocatalyss for the NRRare e.g. Viv-containingGaN nanowire$™® etchedLDHg "° or Vo-rich WigOug
nanowireg-rods*®4’¢ most of which contain high amounts of vacancies.

The exact mechanism is oftentimes not fully understoesten for Ti@ itself. DFT alculations
considering adsorption and bond activation are often employed to genhanistiansights, but the
complexityof the systems and the nuneb of possible reactions resuh divergences between the
studies, as simplified models are employed, Ireting one factor or the otherExemplary factors are
the role of surface hydrogenatiof® oxygen vacancie¥® adventitious carbort!® or the role of
additionally present ionéX

Another widely investigated materiegraphitic carbon nitride (@sNs), whichwasreportedto beone
of the most active photocatalysts for the NRR sg§af?222#83421.422G,N, is a polymeric material based
on carbon and nitrogen. It is neoxic, based on abundant elements, easy to synthegia¢hermal
polymerisation of low-molecular weight precursors such as melanfiié?* urea;?>42%427 or
dicyandiamide?2428429gnd absobs visible light with a band gap approx.2.7 eV.211426430|t has
emerged as a famous nanetallic photocatalyst after Wanet al. reported its activity forthe HERn
20092 Due to is organic framework, the structure and properties can be tuned extensivigy,
synthesis conditions, precursor choice aratio, or postsynthetic treatment.The layer stacking
distance, surface area, Citdtio, band gap charge separation efficien@nd numbertharacter of
defects are all parameters that can Hailored.143423426:427:429.43143¢ arlhon fitrides employed in
photocatalysisare rarely of highcrystallinity, thus containing a lot of defects, that were shown to be
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beneficial for the activity®*!’*4?'Especially carbon nitrides obtaineth thermal polymerisation are
often largely amorphou#?424433

Additionally, residue®f low molecular weight intermediates increase the disorder and prevent a
defined stacking of layefd?43° The polymerisation temperature was showm have a significant
impact on the properties of the obtained carbon nitride, with increased condensation and a red shifted
absorption observed after polymerisation at highemperatures*?443* Pyrolysis time and duration
additionally have an influence on both the degree of condensation, butosisoirface area and layer
thickness'®

3D e mon R Crystalline Carbon
i 2 0 ) Nitrides
N NN N N N : :
wn o Thermal Polymerisation s 3 O
Product s

Poly(heptazine imide)
PHI

Poly(triazine imide)
PTI

Melon

.........................

Poly(heptazine)

Poly(triazine)

Figure 18Structures of carbon nitride$olytriazine (first structural modébr g-GN.), polyheptazine (thermdynamically
more stable), relon (the identified thermal polyrarisation product)and the crystalline forms PTadly(triazine imide) and
PHI poly(heptazine imidé}?

Different structure models were proposéal the search for the structure of ideal@N,, of which the

two most common ong contain a triazine, ortais-s-triazine feptazing unit as primary building block
(Figure 18. Compared to the triazin@etwork, structures based on tstriazine building blocks were
calculated to be more stable, which was further supported by theifig of melem, that already
contains the tris-triazine unit as an intermediat&®4**While mostof the earlierworks assume a fully
condensed network that forms a shelite si NHzOG dzNB 6 KSy 0SS (KS etgDWSFAE W:
Lotschet al.refute this picture, postulating structuremodel based on meloohainsfor carbon nitride
syrthesisedviathermal polymerisationKigure 1822%223428\More recently, crystalline carbon nitrides
have moved into the focus of photocatalytresearch, due to their better defined structure and
increased stabilityOf the crystalline polymeric nitrides, poly(triazine imide) (PTI) and poly(heptazine
imide) (PHI) synthesised in alkali chloride salt meltsLiCl, NaCl, or KCI, exi§t22%43¢439They consist

of 2D crystalline sheets @bndensed triazine or heptazine units, respectively, that form stacks with
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the metal ions in pores and intercalated chlorido iéffsThe alkali ions thereby have a dominant
structural directing influence, with the composition tbfe salt melt being the decisive factor for the
formation of either triazine or heptazine based framewot¥sBy varying the ratio of satb urea,
composite materials of disordered polymeric nitride @iiazine based) and PTI can be formed, as
showne.g.by Jinet al 2>’ Additionally, the C/N ratio can be tuned by the choice of the precu#or.

Pristine GN. usually only exhibits ther low photocatalytic activitiesdue to fast chargearrier
recombination rateg*#°Many systems focussing on heterojunctionsZeschemes of €xNs and a
secondary photocatalyst have heeeported. Examples for the NR&nploy oxides, such as Tt
CsWG0;,*2 Ga0,,* BiOBr#** or sulphides sch asM0$,**° or ZnMoCdS3*¢ Another feasible strategy
for activity enhancemenfHER, CA/RR ad NRR aliké$ doping with either cation¥“**°or non-metals,
predominantly sulphur and oxyggff4°%43 put often also phosphorous and bordtf*>°® Sulphur
doping can be done easily by including thiourea in the syntl&%skor the introduction of other
dopants,additives such aB,0;, NaBH, or oxalic acids can be introduced into the synthé&ig>448
Metal cations, such as PeK', and Ctiwere shown to act as active adsorption sifgs!*®444vhereas
non-metal doping mainly resultsian altered band structure that can improve chargpasation and
narrows the band gafr® The most efficient strategfor improved performance in the photocatalytic
NRRis the introduction of nitrogen vacanciesyjMnto the structire 143163.169.174.220,440.461.46F hage
vacaicies are of similar size as nitrogen i thus presumably acting as very efficient adsorption and
activation sitegFigure19).176463464t is generally agreethat the NRR overwtich GNs proceedsvia

a MarsvanKrevelen mechanisit® There are different strategies to introduce vacancies. Some rely
on the postsynthetic treatment of €Ns, e.g. by KOH®® HCI#62 or either direct, or posssynthetic
calcination in an Nor H atmosphere'®646%467 These approaches etch nitrogen out of the structure.
Other synthesistrategies directly employ KOH in the synthesis, yielding@tétcalated, W-rich GNa.

NH; produdion rates of up to 363mol g'h* were reported for such systent&’ Cyano383463468gy
cyarimide groups at the vacancies were found to play an important role in the enhanced ammonia
generation?6®

structure etching
KOH, HCl, AT...

photocatalytic NRR ‘

Figure 19The principle of specific nitrogen adsorption and activation during photocatalytic nitrogen reduction over vacancy
rich gGNs. The general principle is also working for other carbdride structure modelssuch as melon or poly(heptazine).

A problem connected to NRR over nitrides is the presence of nitrogen in the structure and arising
guestions about the source of the nitrogen in NFhisis even worsened by discontinuitiesréported
photocatalytic systemssuch as light source and reactor geoméfttydifficulties in accurate ammonia
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guantification due to generally low yields and the interference of sacrificial agents or additional ions
with the testing methods for NF1110471472 Additionally, adventitious NdHsources may falsify the
results?® Theseissuesareincreasingly topic of debate in electrocatalytic NRR!°but still frequently
ignored in photocatalytic NRR, preventing a comparison between different worksesdting in
doubts about the accuracy of published resuliis is changing currently, widnseries of control
experimentsbeingmore and more often demandeagowadays*’®

An alternativeto nitrogen fixationviareduction of N is the oxidation to nitrates that can subsequentl
be employed for the synthesis of HBEF47478 Similar systems; often based on TiO¢ can
alternatively be used for # reduction of nitrate either to NH or to No.#7%48* Notably, the systems
of metal loaded Ti@are essentially the same as commonly applied for the NRR to amritéffizand
also for the reverse reaction,e. the oxidation of N|*8¢48”elucidating how multiple reactions can
occur similtaneously on one photocatalyst, which seriously impedes the product selectivity.

2.2 Sustainable Electrocatalysis
2.2.1 General Apects

In contrast to photocatalysis, thelectrocatalyst is not harvesting the requireghergy for driving a
target readion by itself, but instead the energy has to be applied extéynal form of an electric
potential. The external energy supply generally increases the number of materials that can be used as
a catalyst. However, the adsorption, activation of reactaitsd desorption of products strongly
depend on the electrode materialln the case of water electrolysgsprobably the most prominent
electrocatalytic reactioig the required potential is 1.2¥, as discussed earlier. However, the presence
of reaction barters, slow mass transferand slow reaction kinetics leat the need of applied
overpotentials, which is why in practiaauch higher voltagestypically around 1.6 1.8 V)are
needed?**%8The interaction between the catalyst material and the edtatdsorption and activation

at the surface can hereby significantly reduce the overpadsrior a reactionand depends on the
bonding strength of reaction intermediaté$This in turn results in an increase hetefficiency and a
decrease in the wasted energyhus, both selectivity and activigre influenced by the choice of
material 4
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Figure 20Schemait representation of water electrolysis with two compartments separated by amxzhange membrane.
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The electrocatalyst comprises the working electrode in an electrochemical.eethe electrode at
which the desired reaction is taking place. The ifun reaction proceeds at the cathode, while at

the same time oxidation reactions occur at the anode. Commonly, a standard counter electrode is
employed and only one reaction is analysed, so loaibation and reduction reaction can be optimised
separatey.’® The surface area of the counter electrode shobtl larger than that of the working
electrode, to avoid kinetic limitations at the side that is not the focus of the experimentdHuietups

can also be developed, wherein both anode and cathode are comprised of a designed material to
effectively catajse and optimise both half reactionserg overall watersplitting Figure 20.

Candidates for electrocatalysare therefore characterised Ipyoperties that effect the efficiency of
the target reaction. This is on the one hand the charge transfertagsis and thus conductivity of the
material, but also the kinetics of activation and conversion processes on the suffaeemost
important characteristics for the evaluation dhe performance of an electrocatalyst are the
overpotential' , the onset potentigland the firadaic efficienc{FE) The firsttwo are measures for
the activity andenergy efficiency, whereasghe third describes the selectivity by putting thetal
current in relation to the product yielét*54% The overpotential is reported at a certain current
density, commonly 1nA cm?.3146

The overpotential can be calculated as the difference between the applied poteBijakd], the
theoretically required potentiali), and the current drop over the electrolytnd wireg(iR), according
to equation B:3!

O Lox A% AW 6mMoO00

Since the loading of active mass per surface area can differ significantly, it can make sense to normalise
the activity to the mass loading. Additionally, tserface area is an important parameter, as it
correlates with the abundancy afdsorption and activation sites. Therefomgrmalisation to the
BrunauerEmmettTeller (BET) anore accurately thelectrochemical active surface area (ECSA) can
help in theevaluation of the activityand reduce the influence of different mass loadift$4%°If
possible, the turnover frequency (TOR. the amount of productper time and number of surface

sites can be calculated for further characterisation of the act#titiZlectrochemical impedance
spectroscopy (EIS) is another powerful tool in the evaluation of electrocatalyst materials, as it can give
insights into the charge transfeesistance but also the ECSA*!

Thesimplest electrocatalysts are metals, which cantighlyactivein some reactions.g.in hydrogen
evolution. Often noble metals are ernmyed, though, which increases the material costs and is the
reason for the development of more sophisticatedd abundantalternatives. Key requirements for
suitable electrocatalts are thereby good activity and low overpotential, a large number of ectiv
sites, good longerm stability, high conductivityand effective mass transf@roperties*-492
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2.2.2Water Eletrolysis

In water electrolysis, water dDH is oxidised to @at the anode, while at the same time protons are
reduced to H at the cathodelf the electric energy can be generated from renewable sources, it is a
sustainable alternative way for the industrial production ef bip to date, mostly noble metal catalysts
are employed. In combination withon-ideal efficiencieshis results in productiomosts that cannot
compete with the price for Hgeneratedvia conventionalsteam reforming'®? For the HER, Rjroup
metals are the most employed catalysts, whereasird Ruoxidesare used for the OERS The reason

for the high activity of these materials lies in their specific interaction with the educts and/or reaction
intermediates. Thus, the met&l bond strength plays a decisive role in the activity of a metal for the
HER. A volcantype rdationship between the logarithm of the exchange current density and tHé M
bond strength has been observed, with Pt located close to the top of the volcan@-jgate 2).4944%
Additionally, noble metals such as Pt have the advantage of chemical inregné$igh electronic
conductivity &

Hydrogen evolution proceeds on a catalyst surfeieeadsorbed HspeciesThe first step is therefore
the adsorption and reduction of protons (or water, depending on thectiea pH) to form MHaq
species (Volmer reactiom eq. 4). In a second step, formation of,Han either occurvia
electrochemical desorption (Hewsky reactiong eq. 15), wherein the MH.q Species reacts with
another proton/ water to Hinvolving electra transfer, or Hcan be formed upon combination and
chemical desorption of two dddatoms (Tafel reactiog eq. 16).31:4%6.497
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Research on the development of eafdbundant catalysis often focussed on HER in alkaline media,
because these are the reacti@onditions commonly required for the OERCompared to HER in an
acidic environment, thédormation of Hadatoms is hindered, because it requires the adsorption and
dissociation of water molecules. The activity is hence largely dependent on water adsorption and
activation, in combination with the NH.q binding energy and Olddsorption3! In neutral electrolytes,

the mechanism is even m® complicated, due to the low concentration of®-ions that leads to pH
gradients and diffusion limitations and insufficient Nernst potential to provide the thermodynamic
driving force for direct kD dissociatiort®’
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Figure 21Volcano plots foHER metal catalysts (a@swell asseveralbinary oxides at 1@nA cm? (b), and ternaryoxide
catalystsat 1 mA cn? employed in the OER (c). (a) and (c) reprinted f&ime et alwith permission from AAA% (b) used
with permission from Wey.500
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The oxygen evolution reaction is usually the more hindered one dubeaequired fourelectron
transfer. Furthermore, the mechanism is more complex and differs between material classes and even
between catalysts of the same material but with different morpholodi@Adsorbed surface MOH
and MO species are generally important intermediates, thoughsorptive formation of @might
again poceed eithervia the coupling of two Qrspecies, owia reaction of one @ and OH*%#
Depending on the mechanism, peroxide-OOH species might be formed as additional
intermediates®' As in the NRR, the bonding strength of the intermedi&tetbe catalyst are correlated

¢ thus there is always an overpotential in practi€é?!-18218349B8ased on that, a volcaa®lationship
between the overpotential and the transition enthalpy of the oxide catafgistrelated measure for
oxygen binding energiesan be drawn agaif?® More recently, DFT calculations were used to directly
evaluate surface binding energiaad their influence on the activityrhey revealed a constant energy
difference of 3.2eV for M-OH and MOOH bond strength, which is why differendestween oxide
catalysts are based on different O adsorption ener¢fi2¥°These scaling relationships sevgrimit

the options of reducing the overpotential. A different approach therefore involves lattiggen that
can mediate the OER by reacting with adsorbed *O species.t®l@ formed oxygen vacancies can
then be refilled by OHn the electrolyte3™

Tafel analysis can help in the identification of reaction mechanismsoftitke intrinsic activity It
relates the overpotential to the logarithmic current density and thus the rate of the reactiba slope

of the obtained plot can be a measure for the reaction kineticsl identification of the rate
determining step?®2 and the intercept with the xaxis gives the exchange current dengity i.e. the
reaction rate at' = 0. It is an approximation of the Butl&folmer equation and based on various
assumptions, such as no contributions from mass transfer limitations, no interference of adsorbates
and a potential independent reaction mechaniéfhln praxis, these assumptions are not necessarily
fulfilled. Therefore, Tafel analysis should be performed with care and caution muskée in the
interpretation. Still, some insights can be gained from Tafel plots. On the one hand, a Tafel slope of
~120 mV/dedor the OERcan be an indication ahe Volmer step beinghe rate determining one,
whereasa smaller slope of around 2 mVAHdec is a suggestion of desorption being the rate
determining stepf®48°Generally, a low Tafel slope signifies a smaller increase in the overpotential and
thus faster electron transfer kineticshe exchange current density should on the other hand be high
for fast reaction rates at the electrod®.

The Tafel equation is given #<9 $s | bof & H d>h—"v9?é 2 &K OMT O

with the Tafel slopd, the current density, the universal gas constaR} the FaradayonstantF, the
temperatureT, the anodiccharge transfer coefficierit (around 0.5 for the simplest casepnd the
number of transferred electrons.3%48°

In order to decreas¢he production costs, highly active easttbundant catalysts are desirabfé®4%3

For the HER, transition metal sulphid®&%4 carbides and phosphides & shown promis&?%0’

while oxides are potential OER catalyst&:5°® More recently, sulphidehave emerged as gily
efficient electrocatalysts for the OER as well. Under operating conditions they are usually transformed
into metal (oxyjhydroxides, that are, however, often more active than their oxieéeived
counterparts®®5° For the HER, Miased catalysts, such as Ni phosphji#é®r Ni sulphides have
shown promise€!'®1?Additionally, somef the highest activities have been observed for Maer it

was discovered that preferential exposure of active edge sites could dramatically enhance the
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activity 31*51¢ Other prominent transition metal electrocatalysire phosphides, such &oR*!’ or
WS.SlS

Forthe OERsomeof the most active class of tratisih metal electra@atalysts compriseobalt oxides
hydroxides and oxyhydroxidg¥51°520 put also ternary oxides such as CgBe?' MCaOs (M
designating a variety of metakzations )°?2°2%or LiCo@°%* A major reason for that is the high redox
activity of cobaltand transition between the oxidation statesll, HIl and+V.5%? The use of coalt as a
replacement for noble metal catalyst is not without problems, though. Several cobalt compounds are
hazardous, the natural abundance of Co is locally restrictedmining of the respective ores often
happens under questionable circumstandespolitically unstable regionsand the Co pricds a
consequentiycomparatively high antiable to severe market fluctuation3 his is why battery research
aims at a reduction of Co in the active electrode matéfahnd a good reason not to implement Co
in industrial water electrolysis. In thiregard,manganese oxides, as well agkel or iron- based
materials are more desirable electrocataly$t§2%°3° Apart from materials only containing either of
the two metals, NiFe oxides(oxy)hydroxidesJayered double hydroxidefLDHsand sulphideshave
emerged as outstanding OER electrocataly$ts3%5% A synergyhas been found betweaeNi and Fe
that promotes the activity®?

Some eartkabundant bifunctional materials that can catalyse both HHE&R OER are also developed.
These are predormantly based on Co, Nand Fe and have the advantage of simplifying the system
and avoiding discrepancies in the sagon conditions of HER and OER catalysf.the pH)#°® One of

the most important bifunctional electrocatalysts for water splitting is likely based on Co phosphide.
TheCo-catalysts can be ettrodeposited directly from phosphate buffer and consist of metallic Co and
Co phosphide or Co oxo/hydroxdosphate for the reduction site and amorphous Co oxide on the
oxidation site>3%%%° Furthermore, Ni phosphides and sulphidesNiFe LDHsire important earth
abundar, bifunctional electrocatalyst¥%>42

An alternative streegy for the reduction of material cost is the transition from bulk metal catalysts to
nanao-sized ones with a high active surface area in contact with the reaction med@hmreduction in

size carhowever have a negative effect on the stability and migkttibit a different activity than the

bulk material’*® Another challenge in the design of systems for industniater dectrolysis is the high
throughput required for large scalezhbroduction and thughe operation at high current densities.
Overpotentials scale differently with the current density for differemdterials and some noble metal
catalysts become a lot less efficient at high current densities. This increases the interest in the
development of earthabundant alternatives! For industrial purposes, the separation of evolving H
and Q gasses is furthermore an important factor to be consideretthénsystem desigpf*

Up to date, mainly postatalytic characterisation and an evaluation of the electrochemical data are
used to formuhte a mechanism of the occurring reactions at the eledd In many cases it was found
that the asprepared catalyst changes substantially during the experirf@htowever, while suchx

situ characterisation enables the discovery of material changes, they do not necessarily unveil the
actual active species formed under operating conditions, nor do they allow for the tracking of reaction
intermediates. In the case of oxides for the OER, it was thus found that most oxides are not
thermodynamically stable under the employed potential and tlativee species is in many cases
composed (oxy)hydroxidé4 Therefore, furtheroperandoexperiments are requiretb elucidatethe

real reaction mechanisms and enable the rational design of new catéhysts.
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2.2.3CQ Reduction

CQisthe most important greehouse gas, not due tihe strength of the greenhouse gas effect of one
molecule, which is far lower compared &g. methane, but due to the excessive humeaused
emissionsits resulting abundance in the atmospheagadits long lifetimethere.>*° The extraction of
CQ from industrial emission gas and the capture of atmospheric £X@ve been investigated in the
past decades orderto decrease the Croncentration in the atmosphere and thus mitigate effects
of global warming?®®%95The capturedCQ can be stored, however, large scale storage underground
or at a substantial depth in the oceans also includes risks and challenges, imaahlyngconcerns
about leakages$®?An alternative pathway could be tl@nversion of£Q to fuels and carbon feedstock
for industrial processes in a closed carbon cytdépproaches toward€Q utilisation include hermal
catalysis to fued and chemicals, especially forraitid, the synthesis of polymeos urea, as well as the
use in the food industry®?

Electrochemical CQreduction is especially promisingince electricity generated from renewable
sources can based for the synthesis of fuels acdrbonbasedhighvaluechemicals under ambient
conditions3941:554556 Thijs process is chatlging, though and theefficiencyand selectivity of current
electrocatalysts limited® As in nitrogerreduction this is due to the inert nature of the C=0 bonds,
the competitive HER in aqueous mediee low solubility of C@in water,and the necessity for multiple
electron and proton transfer steps, all of whisbverelyhamper the reactiorkinetics(equations18 -
25).3955%559 The first electron transfer is the moshergy intensive stepesulting in a high activation
barrier. Protoncoupled electron transfer steps on the other hand are much more feasible. Still
overpotentials are usually sufficiently high for the competitive HER to become a significannpréble
This is partly due to a conformity change from linear to bend connected to the first reduction step.
Adsorption and activation are therefore the most critistéps in C@reduction.®’ Several different
products can be obtainedathe reduction of C@in aqueous electrolyteshe most commorof which
include CQ CH, CHOH and formaldehyde®®® Fa selected catalysts higher carbon
products (@) can also bebtained. Such a wide range of possible products that require a similar
energy input severely challenges the selectivity of the reacfibn
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Which of the products is favoured not ordg¢pends on the applied potential, but also largely on the
catalyst itself®® Metal electrodes are often employed due to the simplicity of the system and their
robustness Emptyd-orbitals can asist in the coordination and activation of €& Metals can be
divided into fourdifferent groups based on the preferentially formed prod(igure 22.3%%° The first
group is formed by amongst others Hg, Pb, In, Barid Cd. C&does not coordinate to these metals
and formic acid is obtained as the main product. These metals also have a high overpotential for the
HER. The second group consists of Ag,aAd Znthat produce CO as the main produmtd trace
amounts of formic acid* So far, CO and formate are the only products that can be produced selectivity.
CO hereby offers theadditional advantage of easy separation owing to its gaseous na8inee
overpotentials for HER are lower compared to metals of group one, it can be aimed to directly
synthesise a gas mixture of targeted C&vtios that can be fed into the Fisch@ropsch proces$!
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Figure 22Division of metal electrode material into three groups based on the yielded proBegtroduced with permission
from Wiley.4!

Thethird group only includes Cu, which is special in that it yields methane but also higipeoducts,
such as &, GH,, or alcohols,since surfacebound COcan directly be hydrogenate®® This is
generally advantageous, as it directly produces valuable products. However, activity and selectivity are
usually rather low, since the yield of @roducts is more favourable. For Ni, Pt, Fg,0AlGa, which
comprise a fourth group #1 HER becomes the dominant reduction reacfidrt®>® Thedifferences in

the product selectivity between group two metal surfaces and Cu is predominantly deterinrthe
binding energy othe CGintermediate which isstronger for Cu compared to Au or ZgFormaterials

that bindintermediates tm strongly, desorption is hindered and the active sites are blocked, resulting
in catalyst poisoning anperformancedegradation®®? The binding energy thereby not only depends
on the bulk metal, but is also influenced by the surface morphotoglexposed crystal facet® In
addition to CO binding, the binding energy of carbon intermediaiEprotons and of oxygen species
can all affect the product distributiott® These findings are an indicatidhat in principal product
selectivity can be steered by engineering the catalyst surface towards an ideal CO binding energy.
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Due tothe competitive HER, electrode materials are often chosen based on their overpotentiaéfo
HER instead of primarily focussing on the-@@duction abilities. Here Sn, Bi, or Pb are promising
candidates’

The selectivity can further be influenced by the reaction emment, e.g.the electrolyte, the pHor

the supply with C@**%%*Electrochemical GBR is commonly penfmed in a twecompartment cell,
with water oxidation proceeding in the countetectrode compartmentSaturation withCQ precedes
the reaction®® The alkali cation in the electrolyte can have a significant impact on the activity and
selectivity in Cexeduction. The presence of larger cations in thelRRover Cu was found to increase
the selectivity towards &product formation>®>¢6The degree of cation adsorption at the surface was
suggested to be the cause for such effe€tlternatively, the hydrolysis of cations was argued to be
the dominant factor in altering product selectiviti€¥. Thus,the actual reason for the cation effect is
thus not fully uncovered yefThe anion can additionally have an effeEtequently NaHGSS® or
KHC@® electrolytes atneutral or near neutral ptare used.In contrast to most other anions,
bicarbonate acts as a buffdn prevent the formation of pH gradientSuch gradientmightbe formed
due to the consumption of significant numbers of protons at high current densgtgsecially foa
catalystwith a high surface are@dditionally,the buffer anion might act as a proton dontfThe pH
not only determines the availability of protons, balso affects the supply of G the electrode,
since it influence the quilibrium between dissolved G@nd carbonate speci€d:>%° Furthermore,
apart from electrolyte ions, additives can influertbe selectivity bychanging the balance of @énd
water at the interfacein addition to influencing the CO binding configuratiéib’

To increase the concentration of € the aqueous electrolyte, high pressure setuipave been
examined. That way fdrigher current densities and efficiencies could be achieved. The pressure can
moreoveraffect the product dstribution. 5”2 The solubility can alternatively be improvid use of non
aqueous solvents, howeverater should still be present, to obtain the desired produttnicliquids

can also be used, offering the advantage of highersofbilities and lower overpotentialsiowever,

they comewith a higher cost and lower stability in tipeesence of watep>®

Extensive research focusses oe tiise of Cu electrodes, since thegvethe way for the synthesis of
more valuable &-products®*°’> Conpared to CO or HCOOH formation, the reduction mechanism
towards G.-products is highly complex arsdill underdebate®®In order to improve the activity and

the selectivity, nanostructuring is a prominent approach, since more active surfates stan be
introduced this way and the binding energy for intexdiatesc¢ and thus the product selectivity can

be influenced®®>78578 Another important factor isthe surface coverage withiGntermediates
available for coupling reactions, which might likewise be tailored through morphological and
compositional engineering? Examples for compositional engineering hereby include surface alloying
or doping®7®%8%as well as the introduction of defts>"

Another strategy employs copper oxides as precursor materialfiéoelectrode formatiort®: A topic

of extensive debate ithereby the role of surface oxygen species and defedisere is a general
consentthat the precursor and thus the history of copper electrodes &asgnificant impact on the
activity. Thus, oxide derived Cu electrodes are nawrtive and moreselective towards £-products
compared to noroxide derived one&®81°82Sybsurfaceoxygen is proposed to be crucial in the
activity enhancemertt® ¢ a suggestion that has been refuted by others that elucidate the rapid
consumption of oxidespecies at the highly reducing potentials required for the-@duction reaction
(CQRR)®%%86 Additional factors that might contribute to an increased activity of oxide derived
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catalsts are the presence of undercoordinated-§pecies, as well abe presence of Cu imixed
oxidation states8->8’

Nonmetal electrocatalysts have also been employed in the last decdngmrtant examples include
heteroatomic carbon materiaf§&% carbon nanotube supported transition metaf ternary
oxides®®? as well as 2D materials such as M&%°°*As in water electrolysis or nitrogen reduction,
other transition metal sulphides have emerged as earth abund#ietnatives to metal catalystdue
to their high conductivity. Thus, nickel iron sulphides have shown promise in an effis@wnent
dependentCQ reduction>95:5%

A serious problem that yet needs to belved isthe oftentimes low stability of CQ@eduction catalysts
due to poisoning bgtrongly bound intermediateghe formation of carbon layersor morphological
changes*°” Additionally, thecharacter of the active sitessawell asthe reaction pathways and
intermediatesq especially for &-product formationg are often still not well understood.Operando
and in-situ studies have emerged recently tesolvethese problems and shed light on underlying
mechanism$§>5:5%

2.3 ™ Transition Metal Chalcogenides
2.3.1 Spinel Oxides

Spinels are transitiometal compoundsof the generaformula ABX:.. A and B represent metal ions,
whereas X denotes the anion, which is usually a chalcogenide, but a few spinels with fluorine, nitrogen
or cyanide anions were also reportéll.The structwe is cubic, with the space group 6igh, or in
selected casegBm. The structure type is derived from the gemstone MGAI The Aions areusually

in the oxidation state+ll, whereas the Bons occur in the oxidation statéll1.59%%%° A and Bionscan
thereby be of the same element, asg.in magnetite, FgDs, or of different elements® In selected
cases, the Aon can also occur in the state of. Here, charge neutrality is achieved withoBs in the
oxidation staé of HV. A prominent example is LiM@, (LMO) which is an important candidate as a
cathoce material for L-ion batteries®®%2The anion is most often oxygenit natural thiospinels are

also known, such asg.violarite, Ni,FeS,.603.604

In a normal spinel structure, the anions form a cubic closeked lattice and the -fons occupy 1/8
of the tetrahedral sites, whereathe Bions occupy % of the octahedral sif¥% Neighbouring
octahedra are edge sharing, whereas octahedra and teiah are connected at the cornefBigure
23).

The cation site distribution can deviate from this confajion and reach full inversionn that case

the Aions occupy 1/% of the octahedral sites and theiBns occupy 1/8 of the tetrahedral site and
another 1/4" of the octahedral sites. The degree of inversion is expressed by the inversion parameter
<, with <= 0 for a normal spinel structure ard= 1 for a completely inverted one. The degree of
inversbn depends on the metal catiorgsmore specifially on the ionic radiyselectrostatic charge
compensationthe spin state (higtspin or lowspin) and on the difference in the sum of tleystal

field stabilisation energiesOFSE) for cations in a tetrahedidl) and octahedralO,) coordination
(Figure 23).600.606607Thys, smaibbns generally favour the smaller tetrahedral sites, whereas larger ions
favour octahedral site®’ Electrostatic stabilisation on the other hand favours an octahedral

37




coordination of the M*ion for better local charge compensatié.The O-SE depeais mostlyon the
numberand distributionof d-electrons(since oxygen is a weak field ligandjrhspin(HS)configuration
is assumedand can beapproximatedas £00:60&610

I ®f, n5liyase so@ab iS¢ soanERA Eny OHCO

- L« wn B ;
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The g-orbitals hereby represent thd-orbitals whose energy is lowered due to the coordination by
the anions, while 4-orbitals comprise those whose energy is increased compared to a non
coordinated ion (Figure 23 B} Dgrepresents the crystal field parameter, a relative unit of enétgy.
These calculations neglect, in a first approximation, electron pairing enétgiesom the energy
difference of an ion in octahedral and in tetrahedral coordioajithe octahedral site preference can
be calculated®®5%Alternatively, the CFSE can be calculated for thendl Bion on both tetrahedral
and octahedral site, respectively and the sum for normal and inverse spinel strucinfge obtained

as:
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Figure23 Structure of a normal spinel (a), with the A ion depicted in blue, the B ion in gaedroxygen in red, together with
crystal field splitting in octahedraind tetrahedral coordination (b). Optical transition in spinel oxides are depictedl iim &c
permitted adaptation of referenc&®. Transitionsn octahedral sites are depicted in green, those involving tetrahedral sites
in blue.

Often, diferent factors €.g.size compared to CSFE) favour a different cation distributias is the
case for F&%% Such considerations only reflect ehthermodynamically most stable cation
distribution. Often, the structure is, however, predominantly determined by kinetic influences. Thus,
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the synthesis conditions can have a huge effect on the degree of inversion obf&in&dhigh
synthesis temperatures, entrapcontributions that favour a higher degree of inversion and thus more
disordered cation distributions, come increasingly into (fay.

Correlated to their structure, spinels have interesting optical and magnetic properties. Metal cations
in tetrahedral and octahedral sites algidged by oxygen atoms at high anglesuléing in strong
antiferromagnetic couplingvia superexchangedominating the overall magnetic properties.
Octahedrally coordinated-B®ns are ferromagnetically aligned to each other, albeit at a significantly
lower magnitude due to the angle of interaatideing close to 90 °. The same holds true foors.
Since oxygen islaw-field ligand, transition metals are usually in highin configuration, which results

in large individual magnetic moments. total, spinels arenost oftenferrimagnetic, sincelte number

of occupied octahedral and tetrahedral sites is not egbigither are the magnetic moments of the A
and Bions, with the degree of inversion additionally influencing the magnetic properties to a
significant exten®6%.67 Among spinel oxides, metal fites are of special interestlue to their
magnetic properties based on the high magnetic moment &f iReHS configuration, but also due to
the nontoxicity and abundancy of iron, which makes it readily available at lowf&ost.

The degree of inversion additionally influences the optical and the electronic properties of spinel
oxides®¢614 Depending on the coordination environment and thus differemtstatfield splitting ofd-
orbital energies, different-sub-bands are formedor the constituent ions'* A change in the degree

of inversion results in variations the energy of bansd derived from M* and M* d-orbitals
respedively, and consequently their contributions to the formed valence and conduction.t&fd

This will in turn alter the band gap and the band potentials aliidditionally, the optical properties
are moe complex thamsimple valence band maximuto conductionband minimum transitions.
Ligand to metal lcargetransfer transitions(LMCT)Yrom oxygen tod-orbitals of either A or Bions
representone type of present trandibn. Others include transiti@between 31 bands ofions of the
same character but located at different sitastér-sublattice transfer betweerly and Q - ISCT,
between M*and M* 3d bands(inter-valent chargeransfer- IVCY, or betweeney andt,g orbitals of

ions on the same sitgcrystal field trasitions- CH. The latter require only small excitation energies
(usually NIR), whereas the former three commonly fall into the visible digthtU\Vrange (Figure23).

d-d transitions are usually of low intensity because they are paatd possibly also @n
forbidden®9:61&618 Generally, only transitions with spin conservation, and, according to the Laporte
rule, only transitions with a change in parite. g (geradeA u (ungerade) or & g are allowedFor
spinels with a completely normal structuree. no Fé" ions at tetrahedral sites, ISCT betweeth 3
orbitals of Fe at octahedral and at tetrahedral sites, respectively, is not possible. Neither is IVCT in one
sublattice. In addition to that, if no partially filleHorbitals are present in the Ktion (as for Mg*and

Zrt), no ISCT and IVCT betweefi" Bhd Fé* d-orbitals can occurTherefore, the contributions of
different optical transitions to the absorption spectrum vary with respect to the employ&dadv and

with the degree of inversion. Sintecalisedd-d transitions determine the absorption spectra of spinel
ferrites, they do not necessarily correlate with the electronic band%§a{°62°

Spinel oxides armost commonly peparedvia co-precipitation®2%624 solvothermal synthesi&€*®2° or
solidstate reactiorf3%%32 While well establised, theses syntheseapproaches suffer fronfast
reaction kiretics in an aqueous envinmentthat are hard to controf® residual stabilising agentas
in the case of cerecipitation®?® or they require long reactiotimes at elevated temperatures (solid
state) $30632634gyen if the initial synthesis temperature is réfaty low, often an additional calcination
step is required, that significantly increases the total time and enengyti required®07:623:635
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Additionally, a high annealing temperature leads to large crystallite sizes. Thisrefiglts inlow
surface area and thuslow number of active sites, which is usually impedimental for catalytic
applications that proceed on the particle surfa&Microwaveassisted solvothermal synthesis offers

a feasible alternative for the preparation of directly crystalline binary and ternary oxidesongst
others spinel oxide$3¢%%7In this approach, a very fast, highly homogenous heating efsthiution
results in the simultaneous formation of many crystallisation nublai grow largely independent of
each other. The endesults are nanoparticles in often quite narrow size distributions (depending on
the exact synthesis conditions, especialhe solvent)®*® Aqueous microwavassisted methods
commonly using metal nitrates or chlorides have been reported for the preparation of various spinel
oxides such aSuFeOs, CaOs, or ZnAJ0,.53%840 Anadvantage of these watdrased syntheses are the
low cost of water, the lack of environmental issues connected with the solventharmbmparatively

low boiling point. The reaction is often setng to the pH valué® Reaction times can be very short
(in the order of a few minutes) and reaction temperatures aften below 29 °C836.638

Nonaqueous synthesecome with the drawbacks of higher solvent costs and higher boiling points. On
the other hand, highly homogeneous solutions can be obtaeredihomogeneity is even ensured after
the condensation to oxide nanoparticles starts due to stabilisation of the dispersion by the s8lvent
The control over particle size, crystalliniand morphology is also bettesince thereaction ratesare
slowercompared to those in wate?Ethylene glycol is a common solvent, often in combinations with
water ®42 Similarly, triethylenelycol (TEG) has been used for the preparation of nanocrystalline spinel
oxides®®’ Of special interest is the synthesi§ metal oxidesextensively explored bthe group of
Niederberger which is based on the reaction of metal precursors with organic ligands, such as
acetates, acetylacetonates, or alcoholates in high bodimigents such as benzyl alcohioénzylamine

or 1-phenylethanol33636.641.6434erein, the solvet is actively participating in the reaction. In the case

of acetylacetonates, the alcohahdergoes a nucleophilc attack on one carbonyl group of the ligand,
which is followed by € cleavage in the ligan8¢heme2). The formed ester is replaced by a @ed
solvent molecule. In a subsequent alik condensation, a € bond is formed between the second
solvent molecule and the coordinating enolate that was left of the acetylacetonate ligand. Liberation
of the formed ketone leavea RM-OH species that M/ undergo subsequent condensation steps to
the metal oxide’®

nucleophilic attack and

ligand exchange aldol-condensation
C-C bond cleavage
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Scheme2 Reaction of metal acetylacetonate precursors and an alcohol solvent in the microwave, as reported by the group
of Niederberge#33
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Redox reactions occur not only with the ligand and solvent, but to an extent also with the metal
centres, which can lead to a partial reductiortld employed metal ion&® The formed nanocrystals
commonly have manic residues adhering to the surface, even after ysithetic washing steps.
These might influence the material properti##$Various different spinel oxides can be synthesised in
a nonragueous microwave assisted approach, such agOfeMgFeQs, MnFeQOs NiFeQs, or
ZnFe(0,.519:627.636,644643jjth adaptation of the employed solvent, other spinels can be obtained as
well 546

Spinds find application inelectrode materials, with LiMi®s (LMO) being the most important
representative of the spinel famif§*54"Important properties are hereby the stable cubic structure,
as well as a good electron conductivity due to*Mn**-interactions, a high Li conductivity in a 3D
network and a highoperating volage %°1648.64% Additionally, theirmagnetic properties make them
interesting fordata storage device$® Ferrites are of dditional interestbecause ofhe combination

of low toxicity and magnetic propertiethat makes them desirable candidates for biomedical
applications?®1652 Nowadays, especialljron, manganesgand cobalt based spinelare widely
investigated for electrochemical OER ath oxygen reduction reactionORR.675 Ca0O, and
MCaOy are efficient catalysts for both ORR and OER3554%56 However, more abundant ferrites
have alsshown a good activityLhus, NiFg, and CoFgD, are promising earthabundant alternatives

to IrQ; or RuQ.53465%661 |n addition to the application in electrocatalysis, spinels are also investigated
as photocatalyst§°6266” The small band gamf most spinel oxides betweehand 3 eV makethem
suitable for visike light absorption. Additionally, their band positions are favourable for reduction
reactions,oxidation reactionsor both?267:667.6%8The vagnce band is formed predomindgtby oxygen

2p orbitals whereas the conduction band @nstiuted from hybridised O g and Fe 8 orbitals, as
shown for ZnF€,.5%° For spinels with partially filled-orbitals, such as Nik®s, or CoFgs, M?* states
contribute to the valence band andan change the band structure depending on the degree of
inversion®7®¢7* Although the bandyap and posibn are in theory ideal, the photocatalytic activity for
spinel oxides is often rather low and restricted to oxidative decomposition. One reason for this
observation is the fast charge carrier recombination and often low conducfii&ltizough higher
compaed to single component oxide¥Y 68 Anotherreasonis the significant difference between the
electronic and the optical band gap, due to high eschiinding energie$§?° Nevertheless, de to their
desirableband gapsand band positions, spinels are especiallgiiasting for photeelectrochemical
appliCatiOn32.63’267’269’668'672

Most often, spinels with one M and one M™ion each areinvestigated however, recently high
entropy oxides received considerable interelst.this context, spinel oxides contaigirb or more
different cationsg mainly transition metal iong were synthesised and characterised mainly in regard
of their magnetic properties and the performance in electrochemical OF&.

2.3.2 Binary and Ternary Iron Sulphides

Compared to oxides, sulphides have a significantly smaller band gap, since the valedde foamed
mainly by sulphur @8 orbitals, that are locatedat a higher potential compared to oxygenpXFigure
24) **"The conduction band mommonlyconstituted bytransition metals- and emptyd-orbitals 114677
Depending on the number of-electrons andoccurrence in higispin or lowspin configuration,
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occupied d-orbitals contribute to the valence band edge, whereasoccupied d-orbitals
predominantlyinfluencethe conduction bandential for both oxides and sulphide&.higher density

of d-statesat the band edges results in a narrowing of the band gajps. small band gapndows
sulphideswith very high, in some cases almost metallic conductivities least if partially filledd-
orbitals arepresent!'* The increased catuctivity compared to their oxide counterpansakes them
very interesting for electrochemical applicatiorfsurthermore, the active centres of enzymes for
nitrogen reduction, CO dehydrogenation and hydrogen evolution often contain sulphur, which makes
subphides ideal candidates for binspired catalyst desigri®?°%° As mentioned above, molybdenum
and nickel sulphides arefficient hydrogen evolution catalystd1513678682 NMoreover, especially
sulphides containing ir and nickehave shown very high activitieés electrochemical CRR® as

well as inthe alkaline OER that surpasses their related oxiéhe$268285 Eyen though sulphides are
intrinsically prone to oxidation, stable performances have beemptesi®33 The actve surface species

is often an oxyhydroxide, oxysulphidae,sulphate®®*®82Forphotocatalytic approaches, the small band
gap is advantageous in terms of light harvestingpwever, the reduced valence band potentialitsn

the suitability for oxidation reactiongand the narrow band gap makes a simultaneous performance of
both oxidation and reduction reactions on one semiconductor challengtfé® Photocatalytic
applications are therefore often restricted tther reduction reactions, ooxidation reactions; most
often decomposition reaction&’88Strategies to overcome these limitations commonly focus on the
construction of heterojunction sfems and Achemes*6:58969%Additionally, sulphide photocatalysts
are often prone tophoto-corrosion%6.691.692
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Figure 24Crystal structures of Fe®4705FgS,,7%6 and NiFeS, (a),/%” and comparison of calculated band positions of iron
oxides and sulphides (B} Ni is depicted in green, Fe in reahd S in golden yellow. Band positions for Nilz&nd NoFeS

were calculated with the electron affitnes and ionisation potentials reported by Pears8hA band gap of 1.64 eV was
assumed for NiF€&, and of 2 eV foNib,F€eS,.668.709Since all of these values for band potentials are calculated and thus neglect
dopant concentrations and any influences connected to the degreevefision, real band gap values might deviate, since

the Fermi level no longer resides in the middle of the band gap and the orbitals constituting valence and conduction bands
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might differ. Additionally, the calculation depends strongly on the assugnaiten optical¢ band gap. Commonly, various
band gaps are reported for one and the same matetimugh. Thus, the band gap offSewas determined to be around 0.8
eV at low temperatures and thus larger than predicted ones due to spin ord&i&alculationsre for pH 0: the point of

zero charge for MFeQ was approximated with 2, that of Nig&, with 7114

Iron sulphides are especially intriguing, due tteeir high abundance and low toxicity. Nadlly
occurring iron sulphides are FeS,;&e FeS, and Fegot9%6% The latter crystallises in two
modifications, cubic pyrite and orthorhombic marcarsite. Both polymorphs often coexist, but pyrite is
the thermodynamially more stable form’>¢% Greigite FesS, with a cubic spinel structure is also
metastable compared to pyrite and its mineral formation is likehetically driverf® FeS and Fe&

have been explored for electrochemical and photocatalytic HER, as well as NRR, due to the fact that
iron and sulphur are prominent building units in the active centre of both hydrogenakeitingenase
enzymest°:504692699 Additionally, photocatalytic dye degradation was reported forF&SThe band

gap of Fesis with around 0.95 eV very smdivouring visible light absorptiofi%:’9? Apart from
application in photocatalysis, the good light harvesting properties make pyrite an interesting material
for solar cells, although aceful control over the defect concentration is requirg@5%6.7%

Another interesting spinel sulphidev®larite, Ni:FeS. It shares compositional similarity to the active
centre of nitrogenase enzymes. Additionaity,ontains both Ni and Fe in close proximity, thus allowing
for synergetic effects. breg can be obtained at low reaction temperatures and very short synthesis
times of down to 1 min by employing an adaptation of the famueous microwave assisted syatis,
wherein parts of the alcohol solvent are replaced by benzylmercajitais approach makes use of the
fact that the solvent plays an integrate part in the synthesis and serves as source for Qrygethis
case sulphu?®® Nickeliron sulphides have shown promise in electrochemical @%RCGRR Thus,

the group of Apfel explored the activity pEntlandite (le4sNissS) for alkaline OERacidic HERnd
CQRR in organisolvents®2:59
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3 Synopsis

The transitiorfrom a fossil fuebased energy economy towards a sustainable future not only requires
an expansion of currently availle technologies for the conversion of regenerative energy souyces
such as photovoltaics, wind turbines, etcbut also the development of new technologies. More
importantly, renewable energy usage has to becornstcompetitive in order to allow for avide-
spread access including countries of lowerss domestic producGDP This is not only resttted to
primary energy harvesting, bw@lsoincludes the subsequent conversion of the collected energy
mostly in form of electricityk into valuable taget products, such as fuels or highluechemicalsTo
tackle ths issue, two main problems netalbe addressed: Firstly, the efficiency of energy conversion
needs to be improved and secondly noble and scarce metaleto be replaced by eartabundant
elements.

At the heart of processesonverting electricity into valuable products is usually the catalyst, whose
task it is to drive the reaction as selectively as possiili as high yields as pgible,and with as little
energy losses (mostly in therm of overpotentials) as possibleand moreoverfor extended time
periods under oftentimes harsh conditior® far, unfortunately, there is a huge gap betweasialysts
achieving satisfying efficiencies and low material costs, necessitating the devalbpifmew, cost
effective and at the same time active and selective materials.

The first part of this work is inspired byis challenge anfbcusses on Cuk®@, as anearth-abundant
catalystfor the reduction of carbon dioxid®? In order toestablisha low-cost catalyst madrial, it is

not only importantthat solelyeasily available elements are used, but also that the synthesis does not
require a hitp energy input, long durations, or additionaland often extensive; postsynthetic
treatment. Theaim of this work was therefore the development of a new synthesis route to yield
phasepure CuFgO, after short synthesis times at low temperatures and with subsequent
calcination steps.

Microwaveassisted solvothermal synthesis is well suited to fulfil these demands, as previously
demonstrated by the group of Marschall for the synthesis of various spinel dXfé&*¢ Compared

to these works in Phenylethanol, the solvent had to be adapted due t¢'@eing reduced by the
organic solvent. Mixtures of water and ethylene glycol were employed instead, widgled for the
preparation of phasgure CuFgD, nanoparticles. Not only is water an attractive solvent due to its
abundance, low cost and neoxicity, but additionallythis solvent mixture allowed for a reduction of

the synthesis temperature down to 12C. At such a low temperature, the crystallinity was relatively
low, however,but a slightincrease by only 220 °C resulted in the formation dfighly crystalline
nanoparticleswith a narrow size distributiof around 14 nm(Figure 29. A further increae of the
synthesis temperature only led to slight increase in particle size, due to the fast kinetics in the
microwave and a homogeneous distribution of the precursors in the reaction vial, which is realised by
the addition of ethylene glycokurthermae, it was possible to realise very short synthesis timessof
short asl min (here at 175 °C).

In total, the synthesis temperature can be varied between 120 °C and 200 °C and the synthesis time
was adjusted between 1 and 30 mifihe phase purity was xéed by Xray diffraction (XRD), that also
revealed a crystallite size of around ¢@1 nm independent of the synthesis temperature, with an
exception of the partiles synthesised at 120 °C, whethibited a smaller crystallite size. Moreover,

the crydallite size showed a dependence on the synthesis time, with the largest size observed for
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particles obtained after medium synthesis timésgood agreement to XRD atrdnsmission electron
microscopy TEM analysisthe Raman spectra and BrunateEmmettTeller (BET) surface areas are
highly comparable for Cuk@ obtained after different synthesis times. For the nanoparticles
synthesised at varied temperatures, a decrease of the BET surfaceithvem increasing temperature

is observed, which can be damed by the low crystallinity of particles obtained at low temperatures
and by the decrease in residual organics with an increasing synthesis temperature, as olbserved
thermogravimetric analysis coupled to mass spectrometry (MSA
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Figure 25TEM imaes of CuR©&, nanoparticles obtainediia the microwave assisted synthesis in water/ ethylene glycol
mixtures, using different synthesis times and temperatures.

One of the most important characteristics of a spinel material is its degree of inversiorcahat
influence the material propertiesSthe microwave synthesis is controlled by kinetics, which becomes
apparent by the fact that the obtained CuBPznanoparticleshavea cubic structure, although normally

a tetragonal distortion is favoured at room temtures® Therefore, it is hard to predict the degree

of inversion which can depend significantly dne synthesis conditions. The degree of inversion was
determined by Xay photoelectron spectroscopy (XPS) and Rietveld refinement of the XRD data. Both
methods showed a decrease of the degree of inversion with an increasing synthesis time, indicating
microwaveinduced cation migration during prolonged heating. The synthesis temperature on the
other hand did not have an effect on the degree of inversion. However, an increasing amourit of Cu
(instead of Ct) was observedor particles obtained at low tempature.

Having successfully developed a {temnperature, timeefficient synthesis of nanocrystalline CuBg

the spinel oxide was then employed in the electrochemicajREising a ktell setup. CO was
observed as the only carberontaining product startig at a voltage 0f0.6 Vs RHE. At increasingly
more negative potentials, the HER becomes domipantl the selectivity drops down. Therefore, a
potential of-0.7 Vvs. RHE was chosen for the evaluation of the influence of the synthesis conditions
on the activity and selectivity. Interestingly, the synthesis time in the microwave was found to have a
significant impact on the performance of CuBein the reduction of C&xo CO Figure 2§. Increasing

the synthesis time from 1 to 10 min first resultedain increasing activity and selectivity, while further
prolonged durations led to a decrease in both activity and selectivity. Several factors need to be
considered in order to explain the observed dependencies. On the one handQzubtined after
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veryshort synthesis times contained a larger fraction of organic resiths#slecreasehe amount of
active material on the electrode and impede charge transfer. In an adverse trend, the degree of
inversion decreased during the continued heating in the mienasv This can affect the electronic
structure of the spinel, as well as the coordination environment of Cu and Fe in the strqdtoth

have an effect on the catalytic performance.
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Figure 26CO and Hlyield for CuFg, nanoparticles obtained after défent synthesis times (a) and corresponding FE and
selectivity (b). Additionally, the CO angitld for particles synthesised at a range of different temperatures is shown in (c),
together with corresponding FE and selectivity (d).

In contrast to the sythesis time, the synthesis temperature did not have a significant effect on either
activity or selectivitfFigure 26)This obseration is in agreement witthe similar degree of inversion,
underlining the dominant influence of this parameter on the peniance.CuFeO, obtained atvery

low temperatures (120 °@xhibited a lower activity, due to the low crystallinity and high amount of
organic residues. For particles synthesised at adniggtmperature (200 °C) the activity was also lower,
which can be #@ributed to the appearance of tracamounts of CO.No CO formation was observed
during a comparative experiment in an Ar atmosphere, verifying true réduction. Apart from
developing an energy efficient synthesis of Glkethis work could thus showhat CuFeO;, is a
promising earthrabundant catalyst fothe reduction ofCQ to syrgas, with the catalytic activity being
dependent on the degree of inversion and thus the synthesis conditions.
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Currently a electrification of industrial processes is @eted in tandem with an extension of the
conversion of renewable energy into electriciBor such a strategy to work, a stablegliadistributed
electric grid capable of satisfying the electricity demasdequired, however. This is problematic
especial for developing countries. In addition to that, a casead conversion processesrom the
renewable energy source into electricity, followed AZ/DCconversion processes arubtentially
intermediated storageandlastlyfrom electricity to the actuaproduct¢ goes in hand with potential
losses at each conversion stéfherefore, it is beneficial to explore alternative strategies. One such
approach is photocatalysis, which combines light harvesting and product generation in one system.
Additionally, itexploits the vast energy supply delivered by the sun that can be globally accessed. Since
the solar energy is harvested on site, decentralisation is much easier and no access telectiicgy

is required.

When developing a photocatalytic system, muwan be learned from parallels to electrochemistry.
This is especially valid if cocatalysts are used to increase the charge separation efficieoegraf
activity. Such cocalygsts essentially fulfil the same role as conventional electrocatatyststhey have

to efficiently use the charges delivered to them for the targeted conversion reactions. Since commonly
noble metals are employed, the development of eaatundant electrocatalysts that work as
cocatalysts on conventional photocatalyst is reégdi Such anecessity was the motivation for the
second work, in which BfeQwas used as a cocatalyst on Z16

As for electrocatalysts in the GRRan energy saving synthesis of both photocatalyst and cocatalyst is
a prerequisite for overall low material costs. For sulphides this is evea ohallenging than for oxides
since oxygen ifar more abundant in the atmosphere and in water. Additionally nsnaulphides are
unstable in water or air, which might result in the formation of oxides instead of sulphides and limits
the synthesis optionsTherefore, oftentimes long reaction times, or the use of tox8 Hre required

for the preparation of¢ especidly temary ¢ sulphides. We have showthat a much faster and
straightforwardsynthesis of NFe$ can be realised using a microwaassisted synthesis in organic
solvents and benzyhercaptan as a sulphur sourg®.Starting from these results, the synthesis was
further optimised in the second work of this thesis. The synthesis time could thus be lowered from 30
min to 5 min without changes in the crystallinity or morphgyo asverified by XRD, XPS, scanning
electron microscopy (SEMINd TEM analysigigure 27. The time could be reduced furthdownto

1 min, which resulted in a slightly decreased crystallinity and incomplete oxidatiorf*aoNili".
Otherwise the reactionwas mostly completed after only 1 ma the target temperature of 200 °@

the microwave, which could also be direathpnitored by the initial appearance of light flashes, that
were not observed after the first couple of minutes.

In a next step, compdtes of NiFeS and TiQ (P25) were formed, employing different ratios diet
sulphide and Ti® The amount of sulphide was thereby varied between 0.1 and 10 wt.%. Due to the
strong light absorbing properties of JRe$, the addition of even low amounts 1825 resulted in a
colour change from white to grey and an increased absorption of visible and near infrared (NIR)
radiation. The homogeneous distribution of.ReS was additionally verified bgnergy dispersive-X

ray (EDX) mapping-igure 2§.

The prepaed composites were employed in the photocatalytic HER under 1 sun simulated sunlight,
using 10 vol.% of methanol as a hole scavenger. The additiogF@3Niould significantly improve the
activity of P25 by a factor of eight, reaching aeMolution rateof 25-28 umol h. NikFe$S alone was
found to be inactive under the employed conditions, which is a first indication that it is acting as a
cocatalyst to improve the activity of P25. Furthermore, very low loadings of the sulphide gootl®
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be realisé. Only 0.5 wt.% of BfeS were sufficient to reach az¢volution rate of 25 pmol f which
was comparable to the effect ofd5 wt.% (Figure 28). This finding is another confirmation of the role
of NbFeg being that of a cocatalyst.
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Figure 27XRDpatterns for NiFeS obtained after different synthesis times in the microwave (a), photographthe
microwave vessels during the reactitaken by an inégrated camera (hand nanosheet morphology of e observed in
SEM and TEM images.

In order toevaluate whethethe synthesis conditions of MieS affect its performance as a cocatalyst,
composites of 5 wt.% of MieS obtained after different synthesis times and P25 were fabricated. All
exhibited a comparable activity, in agreement to the lack differences observed in the
characterisation.

The suitability of NFeS as a cocatalyst was then further confirmed by performing the photocatalytic
HER experiment with ethanol instead of methanol as a scavenger. The relative activity increase was
comparble to the results obtained with methanol. Additionally, the cocatalyst effect could be
observed in a combination with other materials apart fromzJi@hich was shown for SrTiO

Since Ti@only absorbs UV light, its photocatalytic performance undearsotadiation is limited.
Therefore, the HER activity of pristine P25, ofFB%, and of 5wt.% NFeS@P25 was additionally
examined under irradiation by a 500 W Hg lamp. Under these conditions, the activity increase after
the addition of NiFeS was eve more pronounced. Thus, the Blvolution rate could be increased by

a factor of up to 48, reaching 2300 umot im the absence of any noble metal cocatalyst. Notably,
NiFeSitself was slightly active for the HER under these conditions, implying cbanger excitation

in the sulphide as well. This might alter the charge carrier separation in the composite and explain the
even stronger effect of hre% addition compared to the situation under simulated slight. The
assumption is furthermore suppontisby the fact that a loading of 5 wt.% of the sulphide led to a higher
H. evolution rate compared to a loading of 0.5 wt.%, even though both composites showed the same
performance under simulated sun lighEigure 28. Lastly, the stable performance of tidib.FeS
cocatalyst was verified by a 20 h experiment under 1 sun illumination, demonstrating the efficiency
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and stability of this earttabundant cocatalyst, both of which are a prerequisite for any replacements
of noble metal cocatalysts.

a) 1 sun b) 500 W Hg
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Figure 28H, evolution observed for NiFeS loaded onto P25under 1 sun simulated sunlight)( as well as under UV
illumination @) and EDX mapping of such a composite (5 wt.%,6€8), elucidating the homogeneous distribution of the
sulphide over P2f).

An effcient, lowcost and sustainable production of id important in order to allow for a widespread
application of fuel cells as an alternative to combustion engines. Additionalily ofigreat demand in
many industrial processeand ensuring the availakii of low-cost green Llis therefore at the core of
decreasing the carbon footprint of largeeale industrial processes, such as the H&dmschprocess
for the production of ammonia, N)HThe synthesis ofHnd subsequent use in fuel cells or industry
generally requires an intermediate storage. This is problematic, however, due to the small size and
high volatility, as well as to the flammability of, ldnd the small volumetric energy densifyhe direct
synthesis of highevalue hydrogen containing cheoals by photocatalysis in an aqueous media is
therefore preferable. Specifically, the photocatalytic reduction of ambierard water to NEwould

not only represent an economic orstep alternative to the HabeBosch process, but would also
enable the e of green Nkhas a chemical storage medium for. H

Since carbon nitrides belong to the most efficient photocatalysts for the BRRBastaccording to
literature, the third part of this work combined carbon nitride with EFéyrite) in a biomimetic
approach to improve the activity in photocatalytic Neeneration’! First, carbon nitridgCN)was
synthesisedvia thermal polymeisation of melamine. In a next step, nitrogen vacancies were
introduced by etching with KOH, based on literature repéitsSubsequatly, composites of the
vacancyrich carbon nitridgWw-CN) and commercial FeBere fabricated, using varying weigfatios

of FeSranging from 1 to 15 wt.%RD patterns of the obtained materials showed reflections for both
FeSand CN, indicating successful composite formagkigure 29. This conclusion was supported by
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a change in colour and improved visible and NIR light absorption apparent in the Ep#eisa, as
well as by SEM analysis, that showed the contact between bothralRdSCNFigure 29.
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Figure 29XRD patterns of composites of Fa8d W-CN are shown in (a), while in (b) the contact betwegfC¥ and Fe$s
depicted.

A more thorough characterisation of the composite materiadditionally revealed electronic
interactions between both constituents. Thus, the band gap of CN gradually increased with an
increasing amount of Fe# the compositeMoreover, both the C dand the N $ XP gpectra of the
composites shift towards higher binding energies compared#@N, indicating an electron extraction
from the carbon nitride matrixKigure 30 and thus electron transfer to Fe&or further confirmation,
photoluminescencespectraof the canposites vere measured and the results compared to those
obtained for bulk M-CN. Generally, a markedly lower emission intensity was observed for the
composites. In addition to that, a small shift towards a lower emission wavelength was observed,
together with a change in the relative emission intensity of two bands. More specifically, the
contribution of lonepair and defect emission in relation to direct band gap emission was decreased in
the composites, indicating the inhibition of radiative recombioatat defect sitesand thus pointing

at a charge transfer with Fe&king place at the defect site§ifure 30. This firding was further
supported byan increased fluorescence lifetime in the composites and a decreased quantum yield,
both of which indiate an improved charge separation.
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Figure 30Shift of the N & XP spectrum of a composite with 5 wt.% of Fg®wn in (a), decrease in the radiative emission
intensity of the composites (b) and relative changes observed in normalised emission spectra (c)
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The composites were then employed in experiments for photocatalytic nitrogen reduction under 350
W irradiation by a doped Hamp. 20 vol.% of methanol were used as hole scavenger to improve the
activity for N reduction. In agreement to literature, énintroduction of nitrogen vacancies significantly
enhanced the ammonia yield compared to untreated CN. Additionally, the ammonia yield was
increased even further upon the addition of E&SW-CN Figure 3).
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Figure 3INH;+ concentrations measured aftem irradiation of aqueous dispersions o§-@N and of composites with FeS
for 7 h, determinedvia ion chromatography. The reference measurements f¢CW and the composite containing 5 wt.%

of FeSareshown in pale grey and pale green on the right side

When the same experiment was performed in an Ar atmosphere instead,cdlidost the same
ammonia yield was obtained, though, which is a strong indicatiah bt gaseous\; is reduced, but

that the nitrogen is instead extracted from the @dmework.This finding was further confirmed by
post-catalytic characterisation, that revealed a decreds the amount of cyano grouphat are
introduced at defect sites by the KOH treatment. Moreover, the C/N ratio was increased after the
photocatalytic experimenfor both \\-CN and the composites with keSombined with the changes

of the electronic struture, this observation points towardm activation of cyano groups at the defect
sites by coordination td-eS$, most probablyvia ™ -backdonation.In total, the results of this work
strongly emphasise that carbon nitrides (at least if synthesigadthermal polymerisation) are
unstable under light irradiation and thus unsuitable for the photocatalytic NRR. The introduction of
vacanoes aggravates the situation and promotes nitrogen extraction at the defect sites.

All of the herein discussed catalysts are constituted from ealthndant elements. Specifically, they
contain iron as the major element, which is highly abundant,-tuxic and can be obtained at low

cost. Due to its abundance, nature is using iron in many catalytic systems ranging from hydrogenase
enzymes, over CO dehydrogenases, to nitrogenases, all of which contain iron as major elemént in the
active centrs. The worksn this thesis elucidate how it is possible to design artificial eabiiindant
solidstate catalysts for a variety of catalytic reactions, as well. The targeted conversion reactions
thereby span both fields of electrand photocatalysis, as well as mplé kinds of reactions, including
CQreduction, HER and NRR. All of these sustainable energy conversion processes can be expected to
become increasingly important in the near future, in the context of mitigating climate change. Until
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electrocatalysis carcompete with established fosdilel-based processes in terms of cost and
efficiency, however, much research is still required. For photocatalysis, the situation is even worse
although the expected technology costs are much lowéghlighting the importace of continued
research in this field, especially focussing on the design of new,-abtthdant materials, and on
improving existing systems towards a higher efficiency and selectivity.

The following chapters will provide fu#xt manuscripts of the érein discussed works.
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4 Individual Contributiorsto Joint Publications

The publications that are part of this thesis are the result of cooperation with others. The following
chapter will delineate the individual contributions of each author to the higld manuscripts. The

corresponding author of all publications is Prof. Dr. Roland Marschall, marked by an asterisk.

41t dzof AOFGA2Y MY daclkaid FyR ClFOAt8; aiON
Nanoparticles for Electrochemical G& SR dzO (i A 2 y €

Judith Zandr, Morten Weiss, 8and Marschall*
This work was published &dv. Energy Sustainability R2623 4, 2200184
DOI10.1002/aesr.202200184

The concept of the manuscript was developed by Prof. Dr. Roland Marschallysetf toptimised

and performed tle synthesis of Cuk®.. Additionally, | characterised the obtainednoparticles by
UVvis, diffuse reflectance infrared Fourier transform (DRIFT) spectroscapy XRD including
Rietveld refinementl also performednd evaluatedhe electrochemical Ceduction experiments

and wrotethe first draft of the manuscript. Dr. Morten Weiss did the XPS measurements and evaluated
the data together with me. He also provided assistance in the Rietveld refinement. Prof. Dr. Roland
Marschall supervised the work diprovided scientific advice. All authorsadeand contributed to the

final version of the manuscript.

Additionally, Dr. Holger Schmalz, Lena Geilungl Dr. Christopher Simon performed the Raman,-TG
MS and TEM analysis, respectively. Mirco Ade and [a.Hafmann did the SEM and EDX angJizsi
Jana Timm and Jonas Jungmann performed thehyisisorption measurementand Julia Wéfel and
Teresa Maurer provided assistance in the synthesider my supervision. All of these contributions
are acknowledge in the manuscript. | was responsible for evaluating the data resulting frofisted

measurements
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4.2 Publication 2:d bPeS as highly efficient earthabundant cocatalyst in
LIK20G20F0Ffte@dA0 KERNRISY S@2ftdzirzyé

Judith Zander, Roland Marschall*
This work was published id: Mater. Chem. 2023 11, 17066
DOI:10.1039/D3TA02439C

The concept of the manuscript was developed by Prof. Dr. Roland Marschall and me. | performed the
synthesis of NFFeS and most of the characterisation, including UVADRIFT, Ramaand XRD. | also

did the photocatalytic experiments and wrote the first draft of the manuscript. Prof. Dr. Roland
Marschall supervised the work, was involved in scientific discussindsontributed to the final draft

of the manuscript.

Mirco Ade and Jonas Jungmann performed SEM/EDX and TEM analysis, respectively. Lena Geiling was
responsible for the TS measurements and Dr. Morten Weiss and Lion Schumaobasured the

XP spectra. Additionally, Jonas Jungmann and Dr. Jana Timm digpigsiorption measurements.

All those contributions are acknowledged in the manuscript. The resulting data was evaluated by me.
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4.3t dzo f A O U AadycedAmmania Gehdtation over Defective Carbon Nitride
a2RAFASR gAUK te&NMGSE

Judith Zander, JanTimm, Morten WeisfRoland Marschall*
This work was published:iAdv. Energy Mate2022 12, 2202403
DOI:10.1002/aenm.202202403

The concept of the manuscript was developed by Prof. Dr. Roland Marschall and me. | synthesised the
materials, performedmost of the characterisation, conducted the photocatalytic experiments and
wrote the first draft of the manuscript. The characterisatimeasurements performed by me include

XRD, UV/vis, DRIFT, elemental analysis (EA), photoluminescence, as well asaajnartification.

Dr. Jana Timm did the transient absorption spectroscopy (TAS), including the codiegpdeata
evaluation. She additionally performed the physisorption measurements and provided assistance in
the photoluminescence measurements. Dr. Mart&/eiss performed the XPS analysis and evaluated
the data together with me. Prof. Dr. Roland Marschall supervised the work, provided scientifig advice
and corrected the manuscript. All authorsackand contributed to the final version of the manuscript.

In addition to the authors, Mirco Ade and Lena Geiling contributed to the work by performing SEM/EDX
and TGMS analysis, respectively. They are acknowledged in the publication.
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6.1 Main Manuscript

Nanoparticles of cubic Cuf® were obtained in a fast microwavassisted hydrothermal synthesis.
By adjusting the pH value and solvent ratio (ethylene glycol to water), ghasty and high
crystallinityis achieved at very short reaction times of 1 min, or low temperatures of 12@itliyut

the need for subsequent heat treatment steps. The influence of the synthesis time or temperature on
material properties and performance in electrochemicab @duction to CGare investigated. While
particle size and crystallinitgre not change significantly with longer synthesis times at 175 °C,
prolonged heating resudtin a decrease of the degree of inversion, whicidito a decrease in the
CQ reduction ability. The best performanégobserved for Cuk&, with an intermediate degree of
inversion of approx. 0.75, together with the largest crystallite size and rsitein, as revealed by
Rietveld refinement. For Cuf® synthesised under these conditions, a CO evolution rate of 0.2 umol
h'l glisobtained at a Faradaic efficiency of 20%e TO to Hratio is 1:3, which makes it a promising
candidate for a sustainable production of syngas.

6.1.1 Introduction

The combination of rising G@oncentrations in the atmosphere and the necessity for alternative
production pathways of valuable carb containing chemicals have provoked an increasing interest in
the capture and conversion of @@&lectrochemical G@eduction is hereby especially promising, since

it enables the direct conversion of electricity from renewable sources into chemical that can on

the one hand serve as storage media to mitigate fluctuatiorternpower supply by renewablesd

on the other hand can be used as feedstock for industrial processes, such as-Fisgseh, or the
syntheses of valuable chemic&fsCQreduction is a multelectron and frequently also a multiroton
transfer reaction. This, together with the inert nature and the possibility of various reduction products,
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usually results in high required overpotentials and the occurrence of multiple ogaptbducts® The
selectivity hereby strongly depends on the catalydntil recently, copper was the only metal
electrocatalyst yielding GHand highercarbon products, such asH: or ethanol* with Zhouet al.
reporting in2022 the production ofinearand branched £o G hydrocarbons also over polarizéd
associated with MO bonds® Copper containing materials, especialljides, are likewise of interest
due to their comparatively high activity and broad substrate scope. Copper oxides, such as CuO
CuO, are reduced to metallic copper at the surface under operating condititins.

Another interesting copper oxide is CuBgthat only contains abundant iron as an additional element.
CuFeOs belongs to the class of spirgipe materials that are armally of cubic crystal structure with

the space grougRoY. However, due to the strong Jaffieller distortions induced by €ulowering

of the symmetry to tetragonal is favoured at lower temperatut&s. cubic structure is stable above
around 400°C!*1? Spinels are of high interest also due to their magnetic and electronic properties,
which can be adjusted by the degree of inversioa,the cation distribution between tetrahedral and
octahedral sites, and in the special case of @DFalso by tle structure!*® The degree of inversion
influences the structure, due to the strong Jaheller distortion caused by €t octahedral sites’

The exact relationship between structure and inversion parameter is, however, debated. A completely
inverted structure was reported for cubic Cufg based on neutron diffraction results, with a slight
reduction of the inversion parameter by a few percent upon phase transition to tetrad®@ai.the

other hand, a strong correlation between phase transition aatibe migration is commonly believed

to be present*>1Thus, Ohnishét al.observed a normal cation distribution for CuBgin the high
temperature cubic form. Copper migration to octahedral sites proceeds during cooling between
approx. 700 and 360C, where the stronger Jafireller distortion causes the transition to tetragonal
and results in a strong correlation between inversion parameter and strué¢tdté®?! Cubic Cur&;

was reported as a normal spif¢i®as well as inverted! The criti@l inversion parameter for phase
transition is believed to be 0.78.The cation distribution is largely dependent on the synthesis
conditions, such as particle size and calcination temperatt#&? that appear to have the most
significant impact on ki structure and degree of inversion. Calculations have shown that the cation
distribution significantly affects the electronic properties, with a change from a completely inverted
structure to a normal one resulting in a change from seoriducting to hdtmetallic propertiest®?4

This has experimentally been observed by a reduced grain resistance and improved conductivity for
partially inverse tetragonal Cuf®, compared to normal cubic Cuf.®

CuFeO; has been used for several catalytic processeshsas methanol steam reformirtg,
photocatalytic degradatiod® photocatalytic watersplitting?® photo-electrochemical hydrogen
evolution?® photo-electrochemical water oxidatioff;?2as well as gas sensor matetiair for protein
separation®® A hugeadvantage is the easy recovery of the material due to its magnetic properties.
Additionally, CuF€© is an effective electrocatalyst for oxygen evolution, for which it showed a very
low overpotential, even surpassing the performance of GOFand NiFeO..3! CuFeO, has also been
used for the photeelectrochemical (PEC) @@duction reaction (CERR)**Thus, the group of Khan
first employed pure CuR@, for PEC CBR to methanol and then switched to a composite with
graphene oxide, thereby increasingetiraradaic efficiency to 87 %, reportedly due to better charge
separation®223Improved activityg alsofor the conversion to methanaj could also be observed for a
composite with TiQ as reported by Hafeest al.3*

Common synthesis methods include-mecipitation?® solid state reactiort!!® sotgel synthesisg!
combustion synthesi®,or solvothermal synthesi¥:** Methods requiring calcination temperatures of
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more than 300 °C yield tetragonal CuBg if cooled slowly, and cubic, if quenched rapiftbm high
temperatures. Additionally, most of these techniques yield large particle sizes, with inhomogeneous
size distributions and low surface areas, because of the high temperature requirements, which is often
impedimental for catalytic performanc@To obtain nanesized or nanestructured particles, different
strategies, such as hatdmplating, softtemplating, or combustion synthesis can be employed:*

In contrast to solid state synthesis, hydrothermal synthesis allows for the direct ptepact the

cubic form?¢ As an alternative, microwavassisted syntheses allow for the preparation of spinel ferrite
nanoparticles* Due to fast homogeneous heating, reaction times can often be significantly reduced
compared to conventional hydrotherah synthesis and the size distribution can be narrowe:%+
Phuruangraet al. have shown in first experiments that microwasassisted hydrothermal synthesis is
feasible for the direct synthesis of crystalline Cfzén its cubic fornf3 Jalajerdiet al. obtained
tetragonal CuF€©, after an aqueous microwave synthesis followed by calcindtiohhe size
distribution is relatively broad, however. To improve the size distribution of nanoparticles, triethylene
glycol (TEG) has been used as a solveatsolvothermal synthesis of CubPe nanorods, serving as
reducing agent, high boiling solvent and stabili8eBimilar approaches with the solvent acting as a
stabilising agent, have been shown for other ferrites in our group as*WelFor copper ferite, a
microwave synthesis in organic solvents, however, results in a reductiorfcdr@lithe formation of

CW by-phases’

We herein presena fast, reproducible microwavassisted synthesis of cubic CuBenanopatrticles

in water, with additional etkilene glycol acting as stabilising agent in the reaction solution, improving
phase purity and homogeneity by preventing the precipitation of hydroxides. We further examine the
influence of synthesis parameters on the material properties, the degree ofsiove and on the
activity in electrochemical G@eduction. The best performance is observed for GOFevith an
intermediate degree of inversion of approx. 0.75, for which a CO evolution rate of 0.2 pigdltas
obtainedat a Faradaic efficiency 00%. The CO tojHatio was 1:3.

6.1.2 Results and Discussion

The synthesis of Cuk& in water is strongly ptependent, which was also observed for a
hydrothermal synthesis approaé¢hFe0O; was the only reaction product observed in the XRD patterns
under acidic conditions, CuO was the main product at near neutral conditions, andGzuies only
observed at pH 20 (Figure S1, Supporting Information). In contrast to Phuruaegedt, we observed
CuO occurring as kghases in varying amounts when thgnthesis was conducted in pure water,
especially at a pH below 1EBigure S1Supporting Information). This is likely due to the precipitation
of hydroxides upon pH adjustment before transfer to the microwave, which results in visibly
inhomogeneous mixingUpon addition of ethylene glycol as a complexing agent, which optically
improved the dispersion, the synthesis reproducibly yielded plmse cubic CuR©, at medium
amounts of ethylene glycol (EGJ.the amount of EG exceeded %0 a reduction of coppewas
observed Figure S2Supporting Informatio)) in good agreement to the results reported by Solaho
al.** The best results were obtained using a EG:water ratio of 5:10 (1:2).
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After having established the general reaction parameters, we varied #ation time and
temperature for the microwave synthesis. The corresponding XRD patterns are depi¢tigtiia 1
and S3 Supporting InformationA reduction of the synthesis time to only 1 min was possible, without
the appearance of any hyhases and witbut apparent loss of crystallinity. A similar reduction of the
synthesis time to 1 min could additionally be shown at 16(Figure S4Supporting Information The
employed synthesis temperature has a stronger influence on crystallinity and phase Yhitg.the
distinct reflections for cubic Cuf® are apparent even after reaction at only 120 °C for 15 min, the
crystallinity was low and a shoulder to the left of the (311) reflection indicated the presence of a
possible tetragonal phase. When the tennatire was raised to 200 °C, LQubyphases were observed

in highresolution AgXRD patterns (Figure 1 and, S8ipporting Informatio)) likely due to the strong
reducing ability of EG at this temperature.
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Figure 1Ag-XRD patterns for Culf®, obtained afte different reaction temperatures at 175 4 and after 15 rim at different
reaction timesb). Following ICDD reference patterns were used: &ie): 01-077-0010; CuFg; (t): 00034-0425, CpO:
00-005-0667. Crystallite sizes obtaineéh the integralbreadth method and Riegld refinement are depicted in c¢) ardj.

Error bars for the integral breadth method are estimated by averaging over different reflections in the cubic structure; erro
bars for sizes derived from Rietveld analysis indicate avegagiat least two independent fits.

The crystallite sizes for CuBe obtained after different reaction times, as well as at different
temperatures, were first calculated by the integral breadth method and additionally by Rietveld
refinement, due to thehigh backgroundKigure 1@). The prominent background could be an
indication of an amorphous phase that probably corresponds to organic resi@atis.methods yield

a crystallite size of 1013 nm, depending on the reaction time. A correlation witte ttlegree of

inversion was noted and is discussed in the following sections. A significantly smaller crystallite size of
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only approx. 6.5 nm was estimated after the reaction proceeded at 120 °C, whereas the crystallite size
remains unchanged for increasingaction temperatures. The determination of crystallite size by the
integral breadth method for the 120 °C sample was only possible for the (400) reflection, due to low
crystallinity and peak overlap. For the same reasons, Rietveld refinement did ndtinesgjood fit.

SEM images show the agglomeration of very small nanopartilgeré S5Supporting Informatio))

that have an almost perfect Cu:Fe ratio of 0.5 determined by EDXS. For further evaluation of the
synthesis parameters on the crystal morpbgy, the obtained particles were analysed with TEM
(Figure 2and S Supporting Information Slightly increasing particle sizes with increasing synthesis
time were estimated, with the particles growing from approx. 13.5 to 18.5 nm. Similar sizes were
obtained after reaction at temperatures between 140 and 180 °C as well (FigurSugporting
Information), with the size increasing from 14 to 18 nm. The average particle size is only slightly larger
than the determined crystallite size, indicating that ti@noparticles are mostly singteystalline. The
crystallinity and cubic structure were further confirmed by measuring lattice spacing indsghution
images Figure S5Supporting Information The spacing corresponding to the (3pigne in the cubic
structure was the most prominent one.
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FHgure 2TEM images of Cuf® particles obtained after different reaction times at 175&,€¢) and after 15 min at dirent
reaction temperatures b,d), as well as corresponding particle size distribution. Ferdétermination of size distributions,
at least 50 particles were measured.

The surface area was evaluated by the BET model. The surface area M.@aFRecles synthesised
at a fixed temperature of 175 °C is around 128gh independent of the synthgs time Figure S7
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Supporting Information The corresponding isotherms have the typical shape for nanoparticle
agglomerates, revealing that the high surface area is a result of the small size of the obtained
nanoparticles. Correspondingly, no definedrgosize is observed and the void size between
nanoparticles peaks around the particle diameter. The particles obtained after shorter reaction times
exhibit a tendency to form agglomerates with smaller voids, possibly due to organic residues and very
smallamorphous compounds. The similar surface area independent of the size is in good agreement
to the similar sizes observed in the TEM images. The surface area for particles obtained after reaction
at different temperatures decreases with increasing reactiemperature from 250 to 100 Ag?,
although the particle size was very similar. This might be an indication of different agglomeration
behaviour that is also apparent in different shapes of the isotherms and might either depend on the
amount of organic reidues, or on different magnetic properties. The packing of nanoparticles is much
denser for samples synthesised at low temperatuue (20 or 140 °C), which show a narrow pore size
distribution that peaks around 5 nm (Figure, SSupporting Information The dense packing is
furthermore hinted at in the TEM images. Larger amounts of organic residues or amorphous matter
might contribute to void filling between particles. The BET surface area for@Qublstained after
different reaction times at 150 °C aagound 150 mg?, thus larger than for the particles prepared at

175 °C, which is in good agreement to the increased surface area at temiperatures mentioned
above.

To evaluate whether the differences in the agglomeration behaviour are due to ongeiiltes on

the surface, TB1S measurements were conducted for CxB@btained after different reaction times

or at different temperaturesKigure 3. As expected, the mass loss during annealing in air increases
with decreasing reaction times. An initiatrease of the mass below 100 °C can probably be attributed
to oxidation of organic matter, likely followed by a loss of adsorbe@ Ht approx. 125 °C and
decomposition of organic matter mainly into €42 150 to 350 °CH{gure S9Supporting Informatio).

A similar effect is observed for samples obtained after different reaction times, with the mass loss
being even more pronounced for CuBe synthesised at lower temperatures, with the sample
synthesised at 120 °C showing a mass loss of 15%.

The higheamounts of organic residues might explain the increased surface area for samples obtained
at low temperatures. Corresponding to the decomposition of organic residues, exothermic peaks can
be observed in the DSC measurements (Figures8pporting Informaon). Additionally, two steps

with increasing heat flow are visible, one between 300 and 400 °C and one between 620 and 700 °C.
Those features might correspond to phasansitions, first from cubic to tetragonal and later from
tetragonal to cubic. The omr$ temperature for the first phase transition shifts towards higher
temperatures with increasing synthesis duration and the increase in the heat flow decreases. Both
might be an indication of different initial cation distributions.

The organic residues@also apparent in the DRIFT spectraalbsamples (Figure 3c,&9 Supporting
Information). Additionally, differences between samples obtained after different reaction times, or at
varied temperatures, are apparent, indicating structural changes é#rat not visible in the XRD
patterns and thus do not significantly influence the crystallinity. All samples exhibit the characteristic
absorbance at 409 550cm? corresponding to metabxygen vibrations at octahedral sites, and the
absorbance between 620 and 76071, A, corresponding to metabxygen vibrations at tetrahedral
sites?®4® The vibrations show only negligible changes in dependence of the synthesis time or
temperature, indicating a complete condensation aétal-oxygen bonds even at short times and low
temperatures, in good agreement to highly similar XRD patterns. An exception ¢ s\ehesised
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at only 120 °C, for which the 2 vibrations are less intense, likely due to incomplete condensation to

the oxide.
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Figure 30bserved mass loss during annealing of @Dfearticles obtained after reaction falifferent duration at 175 °@),
or for 15min at different temperatured), DRIFT spectra for CuBgsynthessed under varied conditionsd), as well as
corresponding Raman spectrafe,

Correspondingly, a larger amount of hydregybups is observed between 3000 and 3500*dm
addition to organic residues from ethylene glycol and its decomposition produblsticeably, the
intensities of the vibrabnal bands at 1030 ctp corresponding to CGbbnds in polyethylene glycol,
and at 3690 cm, corresponding to noiydrogen bonded OH, increase with the synthesis time, while
those at 1380 and 1330 cinthat fall into the range of O bonds, decreaseightly>° An observed
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decrease of the vibration at 1585 dnand increase of the vibration at 1030 ¢nare similar to
evolutions observed during the polymerisation of ethylene glycol, that might occur as a side réaction.
Additional weak absorption bandsetween 1050 and 1160 chthat are especially visible at short
reaction times or low temperatures, might also be attributed t@®Gn ethylene glycol residuésA
similar trend is visible with increasing reaction temperature, if more pronounced

Raman pectra were recorded for Culfey obtained under varying synthesis conditions to corroborate

the cubic structure and phase purity deduced from the XRD patterns (Figure 3e,f). The visible bands
for all samples can be assigned to the 5 expected Raman actilesfor cubic Cu@, and are in

good agreement to literature valug¢$>?No characteristic bands for common-piases, such as £,

are visible. The band at a shift of 173"tim assigned to the.Fmode, that at 268 cmito E;,, that at

448 cm! and 553 cm* to Rgas well and that at 677 cfto the Agmode?’ Additional humps at 350

cm! and a shoulder at 620 chmight be an indication of locally lowered symmetry due to Jakher
distortions caused by Clions in an octahedral environment, atthgh a universal distortion of the
crystal lattice is not apparent in the XRD patterns. A similar observation has been stated by &ilva

for Cosubstituted CuR€..*” However, additional bands might also be formed due to partial inversion,
that also bwers the symmetry® Due to the weak intensity of those bands, no clear conclusion about
the local environment of Cu and Fe ions, in terms of phase transformation and degree of inversion, can
be drawn from the DRIFT and Raman spectra, however.

For further characterisation of the asynthesised nanoparticles, UV/vis/INIR measurements were
conducted in order to estimate the band gaps. Irrespective of the synthesis conditions, a band gap of
approx. 1.92.0 eV was obtained from the Kubelkéunk plots, in good greement to literature values
(Figure S10Supporting Informatio)¥?”-2¢53Since the band gap is highly dependent on the degree of
inversion, similar cation distribution independent of the synthesis conditions can be ass@iied.
feature at 485 nm is appant in the spectra, corresponding to ligand to metal chamgasfer from
oxygen to copper @orbitals. If this region is ignored in the fit, slightly lower values were obtained,
compared to a fit only above thd-d band (Figure S105upporting Informatio). A second, weak
feature at approx. 808m can be attributed tal-d transitions in Ctf at distorted octahedral sites. A
third, very weak feature centred around 1500 nm arises dud-tbtransitions in Ct at tetrahedral
sites®°® Band gap values wer@so determined from the Tauc plots, that yield a band gap of 1.7
1.8eV for an indirect transition that includes a fit over thed band and thus leads to a slight
underestimaton of the band gap, and of 28/ for a direct transition, that allows for axclusion of

the d-d band for the fit. From the shape of the plots and the estimated band gap values, an indirect
band gap is more probable, although this is in discrepancy to the result of the group of?Sivula.
However, they used-type, tetragonal thidfilm CuFeOs, which might exhibit considerably alternate
properties. The results of Di€zarciaet al.for cubic CuF£, are rather more similar to ourS.Notably,

the d-d band is hardly visible in both reported spectra.

Determination of the Degree onversion

Generally, three main methods are employed to determine the degree of inversion for-deel
materials: Rietveld refinement of XRD data, Mossbauer spectroscopy, artéi*’X®isce all three rely

on mathematical fitting of experimental resultsd thus depend on the quality of the measurement
data and the fitting parameters, a complementary determination with several methods is
recommendable. We performed Rietveld refinement on the Cu ancKRD patterns for Cufe,
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obtained under different coditions. The high background due to organic residues, low intensity and
broad, asymmetric peak shape make an unambiguous fitting difficult, due to strong correlations
between occupation, background, asymmetry, mistmin and anisotropic size parametefsdegree

of inversion between 0.72 and 0.87 was estimated for all samples based on tX&kZudata,
depending on the fitting conditiong-{gure S12Supporting Informatioh This is in good agreement to

the usually observed value of 0.85 at room temperatualthough a tetragonal distbon would
normally be expected??123245"The degree of inversion decreases with increasing reaction time,
signifying that although crystallisation mainly occurs during the first minute of the synthesis, continued
microwave irradiation induces a &umigration to tetrahedral sites. The very fast heating and
crystallisation, together with an abrupt stop in the microwave irradiatiare. the apparent driving
force for cation redistribution lead to the thermodynamicallynfavourable structure and prevent the
distortion that is usually observed during the cooling from high temperatures.

Interestingly, a closer look at the crystallite sizes determined with the integral breadth method and
Rietveld refinement reveals thaté&wsize is highest after medium synthesis times of 10 min, suggesting
that crystallinity is decreasing again after that time (Figure 1). This goes in hand with a pronounced
decrease in the inversion parameter, as discussed in the following, indicatingitratvaveinduced

cation redistribution results in an increasing structural disorder. A closer analysis of the crystallite size
derived from different reflection peaks reveals that the observed relationship is at least partially an
effect of averaging fadifferent (hkl) reflections. All samples show an average crystallite size of approx.
11 nm when analysed with the integral breadth method, but the differences between the determined
sizes are largest for very short or very long reaction times, with thdleshaeviations observed for
CuFeO, obtained after a reaction time of 10 miRigure S11Supporting Information The same trend

as for the crystallite size can be observed for mitrain, while the lattice parameter is slightly smaller

for CuFeO, obtained after moderate reaction times, indicating lattice contraction (Figure, S11
Supporting Information Both effects can be a result of Jaheller distortions that would, if in
equilibrium, likely result in a tetragonal structure. On the one hand sthan induced by Jahfeller

active Cé&" ions on octahedral sites depends on the degree of inversion and would be expected to
decrease with a decreasing degree of inversion. This effect is most probably the reason for the
decrease in micratrain and crysllite size for samples obtained at reaction times longer than 10 min,

in correlation to a decreasing inversion parameter. Notably, the degree of inversion is around 0.75, or
less, after this time. This value represents the critical fraction éf @uodahedral sites above which

a distortion was observed in literatufé The increasing differences in peak width for different hkl at
increasing temperature might be an effect of anisotropic disorder induced by cation migration. For the
sample obtained afteBO min, no accurate determination of the degree of inversion was possible. An
increase in micrestrain was obtained for different fitting procedures. Possibly, cation migration results
not only in the induction of disorder, but also causes additionalrsteffects due to inhomogeneous

ion distribution in different unit cells, and to the creation of defects. Since rstain and crystallite

size are low for the samples obtained after short reaction times, the presence of defelcis to
partially incompete condensation of the metaidxide frameworkg might mitigate strain induced by
JahnTeller distortions. Additionally, at a degree of inversion of 0.75 the -Jafier distortion at
tetrahedral sites (that would result in a decreasecf# <1) and at octhedral sites (that would lead to
c/a>1) might compensate each other best, resulting in overall minimal distortion, but high strain.

The asymmetry of the reflections is even higher for theX®RPp data, hence we focussed on
measurements with a copper sow@rdor the fittings. The strong asymmetry of the reflections might in
part be caused by internal stresses caused by the-Jafier active Cii ions!!* A comparable, but
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slightly decreasing degree of inversion of around 0.8 was obtained forQigymthessed for 15 min
at different temperatures Summarised results for the cation distribution with an optimised fitting
procedure are listed ifable 1

XP spectra were recorded for CuBgsynthesised at different temperatures or for different reaction
times (Figure 4 S13 Supporting Informatioh The survey scans show the expected ratios for Cu and
Fe, with additional small amounts of Si and’ Klle S2Supporting Information The latter likely result

from leaching of the microwave vial and the employed K@ispectively. The concentration of K and

Si increase with the synthesis time and temperature, indicating increasing amounts of doping with
these ions. Additionally, the Cu content at the surface is decreased in the sample obtained after 30
min at 175°C, further strengthening the assumption of defect induction due to increased cation
migration with time. In contrast to that, a Cu excess at the surface was observed at high reaction
temperatures.

Table 1Degree of inversiond determined with Rietveld refinement and XPS analysis.

Sy‘?itnr’:iSIS Rie?veld XTDS CurCu Tesrﬁr;;?rz‘:ﬁe Riet<veld XI<:>S CurCuer
1 min 0.82 0.84 0.02 120 °C 0.86 1.42
5 min 0.82 0.82 0 140 °C 0.87 0.87 0.08
10 min 0.80 0.78 0.02 160 °C 0.86 0.75 0.05
15 min 0.75 0.80 0.02 180 °C 0.79 0.81 0.03
20 min 0.72 0.78 0 200 °C 0.77 0.80 0.03
30 min 0.87 0.67 0.08

The CudM4sMaspeak was used for charge correction, since-negligible amounts of carbonaceous
residues from the sythesis, that include significant contributions from alcoholic species to varying
extents (Figure S1%Bupporting Informatioy render a correctiowia adventitious carbon unsuitable
and would result in vastly fluctuating binding energies. Typical bineieggies for F& and Cé&* of
933.1 eV for Cui, and 710.8 and 724.5 eV for Fas2and Fe 1, were observed, respectively. The
high resolution p-spectra for Cu can be fitted with two signals for the metal ion in octahedral and
tetrahedral sites, repectively?*3132%859 Thjs fitting approach is based on an influence of the
coordination environment on the ratios of multiplet splittifiéf° but neglects additional effects on
multiplet splitting and is further complicated by the possible presenc€wand/or CY. To some
extent the expected influence of QW can be derived from the Auger signal, which is highly similar
for all CuFgD, samples obtained at 178C for different reaction times, and supports the predominant
oxidation state of +Ildr copper, which is further apparent in the high shake intensity! No
indication of Cl species is observed in the CgMLsMa4s spectra. Samples obtained at different
temperatures, on the other hand, show a strong contribution of, @ith the Cti/Cu?* ratio depending

on the synthesis temperature (Figure 4, Figure, Sipporting Information Interestingly, although
Cu by-phases were only observed at very high temperatures, thé @uatent increases with
decreasing reaction temperature, indicatingrpally reduced and likely also coordinative unsaturated
copper species at the surface. The amount ofCin the sample obtained 200 °C is estimated to be
1.2% based on the results from Rietveld refinement. The degree of inversion is clearly chaitiging
prolong reaction times. Whilerainitial 18% of C&" on tetrahedral sites is observed after a very short
reaction time of Imin, an increasing amount of 83of Cé is located at tetrahedral sites after 30 min,
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in good agreement to the results obtaidrom Rietveld refinement. Interestingly, the degree of
inversion as determinedia Rietveld refinement shows an almost linear decrease after 10 min of
reaction time. An extrapolation of that trend would yield a degree of inversion of approx. 0.66 for the
sample obtained after 30 min, which is in very good agreement to the degree of inversion determined
with XPS. A similar degree of inversion<of 1520% is obtained independent of the synthesis
temperature, with a slight decrease of the inversion paraenatith increasing reaction temperature.

The degree of inversion and the 'GIL* ratio are summarised iffable 1 Evolution of the degree of
inversion and the CICW?* ratio in relation to the synthesis time and temperature, respectively, are
furthermore clearly demonstrated in the normalised spectra (Figure 4).

A similar fitting procedure should in theory also be possible for thepfspéctra, but due to the more
complicated multiplet structure, an overlap with a Cu Auger signal and low intensity @feidks, an
unambiguous fitting with only two species for Fe at tetrahedral and at octahedral voids is often neither
possible nor meaningful and was therefore not attempted &8 The Fe @ spectra were instead

fitted with typical peak ratios and po&ns for ferrites, keeping the positions fixed for all samftes.
When regarding the normalised Fp &oectra, interestingly a peak broadening towards higher binding
energies is observed for samples obtained after 1 min and after 30 min, which woulst @idince
indicate a larger amount of Fein tetrahedral voids. For Cuf® obtained after 30min this is
additionally accompanied by a shift of the entire spectrum towards higher binding energies. This is
contrary to the effects expected based on anaysi the Cespectra and on Rietveld refinement, and
could be an indication of independent cation migration of Cu and Fe, which would in turn favour the
creation of defects for prolonged reaction times?Fpecies might also be present. This would induce

a shift of the spectra towards lower binding energies, however, which would signify a presenée of Fe
mainly at medium reaction times, which seems unlikely. The shift towards higher binding energy after
30 min could in part also be caused by the extractid copper, shifting the peaks towards those of
Fe0,.5° Cu defects might likewise lead to a shift in the iron spectra towards higher binding energies.
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Figure 4XPS spectra for Cufe obtained under different reaction conditions. Cps2 spectra for Cug;0O, synthesised at
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The change in the degree of inversion is expected to correlate with changes in the conductivity and
the magnetic propertis!® A similar effect would result from the presence of defects. The
agglomeration behaviour of the nanopatrticulate powder was visibly altered by the synthesis time: the
agglomeration was especially pronounced for GGrrebtained at relatively short reaittn times (5

and 10 min) and decreased with increasing reaction durations, in relation to a decrease in the degree
of inversion, as also observable in DLS and ultracentrifugation measurerfaqss(S14Supporting
Information). For CukR®, with a syntheg time of 1 and 3@in ¢ which are agglomerating least
according to DLS measuremergsparticle diameters of 13 and 16 nm were obtained with the
ultracentrifugation experiments, in good agreement to the sizes measured from TEM images. For more
strongly aglomerating particles, a shoulder can be observed around 13 nm, but no accurate size
determination is possible, due to the pronounced agglomeration tendency.

Electrocatalytic C@Reduction

We evaluated the influence of the synthesis parameters on thetreleltsemical CeRR of Cuk©;
electrodes in 0.1 M KHG®olutions, using an 4dell setup Figure S15Supporting Information In

order to determine the optimal potential, chronoamperometric measurements were performed at
different potentials for exemplarglectrodes of the sample synthesised for 15 min at 175-tgli(e

S16 Supporting Information The evolved gases were examined after 20 and 60 min, respectively, to
differentiate between the initial activation phase, during which high negative currerdsratue to

the decomposition of organic residues and possible activation of OuFand the steady state phase,

for which the current response is stable. CO was the madro@uct at all potentials, with the highest
production rate at0.8 Vvs RHERigue 5). The Faradaic efficiency and selectivity were best at lower
potentials of-0.6 V, due to hydrogen evolution taking over at highly reducing potentials. The Faradaic
efficiency was lower than the selectivity, which is calculated from only the gaseodaqgs, at all
potentials, indicating the formation of other@oducts, albeit to a rather low extent. The difference
was especially high at low potentials, which is in good agreement to the lower required potentials for
methane or methanol formatiof¢® A potential of-0.7 Vvs RHE was chosen in the following, to
evaluate differences in the catalytic performance of GQkegrepared under varying synthesis
conditions. The measurements were performed at least twice with freshly prepared electrodes, to
accaunt for possible variations between measurements.

A maximum CO vyield of 0.2 pmoftimg* was observed for Cuk®, synthesised for 10 min in the
microwave, with the CO production rate sharply decreasing for samples obtained after longer synthesis
times. he hydrogen evolution rate was highly similar for all samples independent of the synthesis time
of the catalyst, with three to ten times more hydrogen being produced compared to CO. The CO yield
was higher after one hour of potential application, probathlye to the initial decomposition of organic
residues. The Faradaic efficiency was also better after one hour and highest for the sample obtained
after 10 min of reation time (Figure b

Again, the Faradaic efficiency was slightly lower than the calcuksksttivity based on gas product
analysis, indicating the generation of low amounts of additional, liquid products. The difference in the
observed activity and selectivity in dependence of time is probably based on two adverse effects. On
the one hand, tk relative mass of organic residues increases with decreasing reaction duration, as
observed in T@IS. Correspondingly, both activity and selectivity are lower for Lulebtained after

short synthesis times. In an adverse effect, the degree of inveiisiatecreasing with increasing
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reaction time. On the one hand a decrease in the inversion parameter will result in an increased
conductivity!®

0.08 8 0.25 0.10 — 20
a) €0 - 20 min b) €O - 20 min Jos C) gg - snhmm
CO-1h CO-1h : - J
H,- 20min 7 008 | H, - 20min7 18
H- 1h 020 o7 008 | e
- 006 E 462 . -
@ 2 o 06D g 007 F
£ 1.E E E g
< = L0 0s= T 00
S 004 148 B S B o0s
’ 4 E :
= 2 o "2 5
Q 13 o 0ag -
© © © 003
002 [ 42 02
005 0.02
1! 01 0.01
. o 0.00 0.0 0.00
0.8 08 07 06 05 5 10 15 20 120 130 140 150 180 170 180 200
Potential / V vs. RHE Synthesis Time / min Synthesis Temperature / °C
= 30 = 30 14 = 14
FE - 20 min FE - 20 min T FE - 20 min
d 12 'EFE—H\ 112 e) 28 FEIFE-1h 1% f) BFE-1n
Selectivity - 20 min 26 L Selectivity - 20 min - 26 12 |1 Selectivity - 20 min 12
I selectivity - 1 h 24 [ I Selectivity - 1 h 124 B selectivity - 1h
10 10
2 122 10 I 10
2 20 EEES =
& : L 18 PR s 2
® 3 Fe J163 =
w s 63 wme 113 ]
] 12 EREE- ]
(7] 0 0
4 4 4
2 2 2

0.90 -0.80 0.70 -0.60 -0.50 1 5 1 15 20 3 140 150 160 170 180 200
Potential / V vs. RHE Synthesis Time / min nthesis Temperature / min
8 25
g) h) €0,-1h
1; m €O, - 20 min
M CO-1h
co-20min [l {20
) - ds H,-1h
g o - 08F H, - 20 min
E E =
- - 158 3 -
= = - £ 15 =
B 3 = 2 Sosf 3
€ E = 42 = £
> o 3 9 g
= = s O
] 3 = {10 g
T £ 38 o4t Ed
g s n g
o ,. o
o k4 2
0zt 15
1
0 0.0 - M 0

Time/h Time /' h Potential / V vs. RHE

Figure 5CO and kiproduction rates at) different potential§or CuFeO, syrthesised at 175 °C for 15 min, oy CuFeOs
synthesised at 175 °@btained afterdifferent reaction times, and c) for Cuf synthesised at different temperatures
Corresponding Faradaic efficiencies and seléis for CO are shown in d) for different potentials with GaQksynthessed

at 175 °C for 15 min, in e) with CuBgsynthesised at 175 °C obtained after different reaction times and in f) with,OuFe
synthesised for 15 min at different temperature®he results for the longme testing are shown in lg). Comparative
measurenents in an Ar atmosphere solely yielded,G@d H i). The performance evaluation &.9 VversusRHE was
interrupted after 20 min, due to high currents.

Additionally, the local environment of coppergain determined by the degree of inversipoan rave

an influence on the catalytic performance. At the highly negative potentials employed for #RRCO
CuFeQ; is likely at least partially reduced similar to what has been reported for binary copper oxide
materials. In the case of copper oxide, the mwofpgy and composition of the initial Cutavebeen
shown to have a significant influence on the activity and selecfivity?® While some suggest that
subsurface oxygen or residual ‘€8pecies play a crucial role in the £€duction, others argu¢hat
copper is completely reduced under the employed conditibtisTherefore, the initial cation
distribution and primary coordination of copper by four or six oxygen atoms, respectively, can also be
expected to affect the performance of the catalysihcs it may influence the stability against reduction
and the local environmeni(g. coordination number) of active copper species. For example Acharya
et al. observed a dependence of the performance of a FeNj@@#lyst in electrochemical oxygen
evolution on the coordination environment of PP elucidating that the cation coordination
environment and change thereof can have a significant influence on the activity in electrocatalysis.
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Indeed, Céf'in the spinel can partially be reduced to’@s showrby CV measurements in Ar saturated
NaSQ solution’>72 The reduction was, however, clearly not completed after one scan, since an
evolution with time was observed, indicating, that the process is taking several minutes. If the CV scans
were performed orelectrophoretic deposited Cuk®, on FTO, a colour change to black was observed,
that was changing back to normal after storage under air, or application of a positive potEigiaig

S17, Supporting Information XRD after the experiment shows the gbiatructure, proving that the
reduction is reversible, or restricted to the surfadégure S17, Supporting InformatjorThe same
redox peaks are apparent in the CV scans performed before thRFRCExperiments in G@aturated
KHC@ although the reductin peaks overlap with the highly negative current response for CO
reduction Figure S18Supporting Information The CV after the GRR still shows the same redox
features, supporting the reversibility of the redox processes.

A correlation of the crystite size and micreatrain of CuF£, electrocatalysts prepared with different
synthesis times with their activity and selectivity in thesRR was also noted and might partially
contribute to the observed trend, as both could affect conductivity. Silardbping, as well as Cu
extraction at prolonged reaction times furthermore represents an increasing concentration of defects,
that might alter the electronic and surface properties of Gakeresulting in a decreased activity.

Additionally, the C&RR expriment was performed on Cuf®&, obtained at different temperatures. A
highly similar activity was observed for samples obtained at temperatures between 130 and 180 °C,
even though the amount of organic residues and of €uecies varied between samplesotB
differences are small, however, for CuBgsynthesised in this temperature range. The determined
degree of inversion was additionally similar for all samples, supporting the dominant influence of this
parameter on the activity. Only for CulBg prepared at very low synthesis temperaturiee. 120 °C,

the high amounts of organic residues, significant presence of surfacg€eiesand low crystallinity
resulted in a markedly decreased CO production rate and FE. The CO productipandt® a lesser
extent also the FE was additionally decreased for the sample obtained at 200 °C. This is likely due to
the observed GO byphase. Deviations in the amounts of *Gibserved in the XPS for samples
obtained at different temperatures, apparently only hadegligible influence on the performance,
likely because the coordination environment was similar and some reduction of copper proceeds
anyway during the electrochemical measurement.

Gas evolution rates are also shown Amormalised inFigure S19Supporting Information exhibiting
smaller deviations between measurements and a comparable activity between both studies. This is at
least partially due to some of the catalyst ink diffusing underneath the Kapton tape, thus contributing
to the apparent mass loawlj while not being in contact with the electrolyte.

Due to the presence afrganic residues as observed in the DRIFT aAll$ Geasurements and their
apparent decomposition in the initial phase of the potential application, we performed a comparative
experiment in argon atmosphere, to verify that the observed CO does not stem from organic
adsorbates at the catalyst surface. Depending on the applied potentiagrici®+ were detected with

the CQto H ratio highest at low overpotentials (Figure 5). Theasured currents were significantly
lower than in a C@&atmosphere, supporting the G@onversion to CO. Blank carbon paper electrodes
only yielded low amounts of hydrogen and no &@re SQ, Supporting Information The duration

of the CORR could bexended to several hours a0.7 Vvs RHE, although the activity started to
slightly decrease after two hours (Figure 5), as did the current response. Slow material changes might
occur with time, such as a more prominent reduction of metal ions or pgssldo cation
redistribution. However, since no flow setup was used, a portion of the decrease might also simply be
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due to electrolyte decomposition and detachment of the catalyst from the carbon paper caused by gas
bubble formation. These effects might batigated by an optimisation of the electrode preparation
that was not in the focus of this research. Still, the preliminary results exhibit the potential of@uFe

as an electrocatalyst for the GRR Even after the measurement for 10 h no alcoholicquats were

found Figure S21Supporting Information Thus, the CQo CO reduction is highly selective, and while
large amounts of hydrogen are produced alongside CO, this product compaosition can be beneficial for
the subsequent use as syngasy in the FischefTropsch process. XRD patterns were measured for
CuFeO, on carbon paper before and after the electrocatalygiggre S22Supporting Informatiohn

Mostly reflections corresponding to CuBk are visible after the electrocatalysis, proving theodo
stability/ reversibility of occurring redox reactions in the material even at highly reducing potentials.
After the CGRR was conducted for 1 h-8t9Vvs.RHE, additional reflections for f£Quwere observed,
indicating partial reduction of the matetiander operating conditions, in agreement to the observed
colour change during CV on FTO (Figure Sa@porting Informatiopand towhat is known for copper
oxide-derived electrocatalyst®.

6.1.3 Conclusion

We successfully prepared CuBgnanopartices with a cubic, partially inverted spinel structwia a

fast, lowtemperature agueous approach. A crystalline product was obtained after only 1 min at 175
°C in a microwavassisted synthesis. A prolonged reaction time resulted in a decrease of thisiamve
parameter, and only a slight increase in the particle size was observed. The application in
electrochemical COto CO reduction was very selective for CO and hydrogen, and an optimum
performance was observed for CuPe obtained after medium synthesiduration (10 min), in
correlation to the highest crystallite size and a medium degree of inversion. Samples obtained after
shorter synthesis times contained large amounts of organic residues adsorbed to the particle surface
that likely impede the actiwt of the CuF£, catalyst, while those obtained after 30 min exhibited a
decreased copper content, likely due to defect induction during cation migration, that likewise
diminish the catalytic performance. Moreover, the synthesis temperature could be togtedeen 120

and 200 °C. Both the material properties (degree of inversion, crystallite and particle size) and the
electrochemical performance were largely independent of the temperature, although high amounts
of surface Cuand organic residues impeded tiperformance of the sample synthesised at only 120
°C, and very low amounts of azOubyphase were observed for the one obtained at 200 °C. The mild
reaction conditions and very good availability of the material constituents make,Qu&@romising
electrocatalyst for the sustainable production of syngas.

6.1.4 Experimental Section

Microwave assisted synthesis of CizeChemicals were purchased from commercial providers and
used without further purification. In a typical approach 1 mmol of FejN® HO (404 mg, Acros
Organics +9%) and 0.5 mmol of Cu(M@- 3 HO (120.8 mg, Acros Organics +99 %) were dissolved in

a mixture of ethylene glycol (Acros Organics, 99.5 %) and water. The pH was adjusted to 12 with 3M
KOH solution under rigorous stirriilga borosilicate microwave vial. The vial was sealed and placed in
the microwave reactor (Monowave 400, Anton Paar), where it was heated to the desired temperature
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as fast as possible under stirring at 800 rpm. After the specified time, the solutionoekes avith
compressed air to 55 °C. The Cithearticles were collectedia centrifugation, washed thrice with
water and once with ethanol and dried over night at 80 °C.

CharacterisationAssynthesised Cuk®, samples were characterised wiffowder X-ray diffraction
(XRD), using either a Malvern PANalytical Empyrean device withiGadiation = 1.5406 Ag, =
1.54443 A) with an acceleration voltage of 40 kV and an emission current of 40 mA, or a STOE STADI P
Mythen2 4K diffractometer with AgsKirradiation & = 0.5594 A), a Ge(111) monochromator and
equipped with four Dectridf YTHEN2 R 1K strip detectétsor CHiXRD measurements, a spinning
sample holder and Braggrentano geometry were used, while the -X&D measurements were
performed in transmission geometry with Hilgenberg capillaries (0.5mm). For improved data quality,
measurements with Ag irradiation were performed repeatedly and automatically accumula@d. S NJi
Highscore plusvas used for phase analysis. Rietveld refinement was performed EsitRyof'* The
instrumental resolution was determined with LaBNIST SRM60c). A Thompse@oxHastings
pseudaVoigt function was used for peak shape modelling and the background was approximated by
linear interpolation between manually added poirtsRefined parameters are zero, scale, cell
parameters, FWHM with focus on th®rentz contribution and including asymmetry parameters and
size anisotropy, isotropic B values and occupation (using a half inverted structure as starting point).
The crystallographic information published by Mahmoedal. was used for the refinement of
CuFeO4,"%and the information provided by Kirfet al.was employed for a GO byphase if required’

The fitting procedure was repeated at least twice and depicted error bars represent the standard
deviation between fits.

Transmission electron micraggy (TEM) was employed for the determination of sample morphology,
size and crystallinity, using a 200 kV JEOL2HENIFS EFTEM, equipped with a Schottky FEG and an
omega incolumn energy filter. Particle sizes were evaluated with ImageJ 1.53e. The nugyhas
additionally examined by scanning electron microscopy (SEM), that was performed on a Zeiss Leo 1530
device at an acceleration voltage of 3 kV after sputteating with platinum (Cressington Sputter
Coater 208 HR). The same instrument was useeriergy dispersive-kKy diffraction spectroscopy

(EDX) using an acceleration voltage of 20 kV and andrigr&DX detector by Thermo Fisher Scientific
NS7.

Xray photoelectron spectroscopy (XPS) was performed on a Physical Electronics PHI VersaProbe llI
Sanning XPS Microprobe instrument, using monochromatie #td€liationwith a beam diameter of

100um. The beam voltage was set to 15 kV, theayXpower to 25 W. Survey scans were recorded

with a step size of 0.4 eV and step time of 50 ms at a pasggnéR24 eV. For higtesolution spectra,

step size and time were set to 0.1 eV and 50 ms, respectively, using a pass energy of 26 eV. To avoid
charging effects, samples were continuously flooded with electrons ahibis at low energy. Data

was evaluagd with CASA XPS 2.3.17, using Shirley backgrounds and Gaossigrian line shapes

(GL30, except for @D (GL80), based on the work of Biesin§&For charge correction, the maximum

of the CulLsM4sMa4 s Auger peak was fitted with the minimum requiredmber of peaks and set to a

kinetic energy of 917.7 e¥ For samples containing large amounts of surface tBe peak maximum

was instead set to a kinetic energy of 916.8 eV.g-gp2ctra were fitted with a doublet separation of

13.8 eV"® and restrited area ratios of 2:1 for[@,to 2p.2 in order to compensate for the overlap
between Fe s> and a minor Cu AugesM, sM» 3 signal. Furthermore, FWHM were set to identical for
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all Fe peak components within thgs to 2pi2 signhals, respectively, bunot identicalfor 2ps, and
2p12."7°

For diffuse reflectance infrared Fourier transformed (DRIFT) spectroscopy, a Bruker Alpha Il
spectrometer and the software OPUS were used. For Raman measurements, a WITec alpha RA+
imaging system was employed, equigbwith a UHTS 300 spectrometer and a Andor Newton 970
EMCCD camera. Diffuseflectance UV/vis measurements were performed on a Perkin Elmer Lambda
750 spectrometer, using a Praying Mantis (Harrick) and spectralon as white standard.

Dynamic light scatteng measurements were performed on a Litesizer 500 instrument from Anton
Paar, at a wavelength of 568 nm and 25 °C. Angle and focus were set to automatic. 5 mg@f CuFe
were dispersed in 20 mL of ultgaure water for 2 h using ultrasonicatioRor the céculation of the

number weighed intensity distribution, an absorption coefficient of 0:1and a refractive index of

2.5 were used, respectively. For particle size determination a disc centrifuge DC24000 (CPS
Instruments Inc.) was additionally used. Zisgions of 10 mg of sample in 1 mL of ulnare HO were
preparedvia ultrasonification and 0.1 mwere injected at 24k rpm. A density gradient was prepared
using sucrose solutions. The same optical parameters as for DLS measurements were employed and a
PVC solution was used as a standard. For both DLS and ultracentrifugal experiments, measurements
were repeated at least thrice.

For the characterisation of specific surface area and gas adsorption propetigly$isorption was
performed on an Autosorb KMP-MP-AG instrument (Anton Paar QuantaTec) at 77 K. Samples were
degassed for 12 h at 120 °C prior to the measurements. For surface area calculation, the Brunauer
EmmetTeller (BET) model was used and the data was evaluated with ASiQwin. For pore size
digtributions, the DFT model was used, treating the absorbent as silica.

Thermogravimetric Analysis (TGA) with gas evolution detected via mass spectrometry (MS) was
conducted with a Netzsch Jupiter STA 449C thermobalance and a Netzsch Aeolos QMS 402C
guadruple MS. The sample was heated to 850 °C in air, using a heating ramp of 5 K/min

Eletrochemical ExperimentShe electrochemical GQeduction (CO2RR) was performed in a two
compartment cell, using G@aturated 0.1 M aqueous KHESdlution as the electlyte and a three
electrode setup. Anolyte and catholyte compartment were separated by a SelemiorNAdMYbrR
exchange membrane (AGC group) and both were continuously purged witig€®@om the bottom,

with the flow rate for the working electrode compantent set to 20 mL/min (mass flow controller from
Bronkhorst). A platinum counter electrode and a Ag/AgCl reference electrode were employed for the
measurement. For the preparation of the working electrode, 10 mg of Quykeere dispersed in 300

pL ofi-propanol (p.a) and 20 pL of a 5 wt.% Nafion solution (Alfa Aesar), using ultrasonication for
minimum 1 h. Subsequently, %0 of the obtained catalyst ink were drg@ast onto carbon paper
(Freudenberg H231E2) electrodes that were cut into 1 cm wide stripghe exposed area was
restricted to 1 criusing Kapton tape. The electrodes were left to dry for at least one day in air. The
electrolyte was purged with G@9.995 volume%, Air Liquide) for at least 10 min, prior to potential
application. The internal mstance was checked and automatically corrected for prior to the actual
experiment. A Gamry Reference 3000 potentiostat together with the software Gamry Framework were
employed for all electrochemical measurements. The evolved gases were analiseghs
chromatography (Shimadzu @014, equipped with a HayeSep Q and a HayeSep R column in series, a
thermal conductivity detector and a methaniser in series with a flame ionisation detector (FID)) after
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20 and 60min. The potential was corrected to RHE witle\e Vagiagert 0.209 + 0.059*pH. For the
reference measurement in Ar, the €@as was replaced by Ar at a flow rate of 20 mL/min. The pH
change from 6.8 to 9.7 was taken into account for the conversion of the applied potential to RHE.
Electrolyte from theworking electrode compartment was sampled after the end of the experiment
and analysed with a liquid chromatograph (Shimadzu2@3D), equipped with a SStabilwax column

and FID, for the presence of alcohols and aldehydes. Faradaic efficiencies watatedlfrom the
partial current for CO, or Hrespectively, whereas selectivity calculations are based on the relative
fraction of CO in gaseous produats, H and CO together. Cyclic voltammetry (CV) measurements in
a CQ atmosphere were conducted thi the same setup at a scan rate of 20 mV/s. For comparative
measurements in 0.1 M N8Q, CuFeOs was deposited electrophoretically on a fluorine doped tin
oxide (FTO) substrate. The CV scans were performed with a three electrode setup inz ¢eiCC
(Zahner Elektrik), using platinum as a counter, Ag/AgCI as a reference and the deposited sample on
FTO as a working electrode, respectively, with the exposed area of the latter being restricted%o 1 cm
A Zennium potentiostat (Zahner Elektrik) was usedthedscan rate was 20 mV/s.
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6.2 Supporting Information

Fast and facile microwave synthesis of cubicFé«Ds nanopatrticles for electrochemical GO
reduction

J. Zandér®’, M. Weisg R. Marschall®?

aDepartment of Chemistry, University of Bayreuth, Universitatsstraf3e 30, Bayreuth 95447, Germany
b Bavarian Center for Battery Technology (BayBatt)yétsity of Bayreuth, Universitatsstrasse 30,

95447 Bayreuth, Germany

Figure SCuXRD patterns for Cufk&, obtained in water at varied pHafter reaction for 15 min at 150 °The main reflection
of CuO is marked with a star. Followi@pDreference pattens wereused: CuR£,: 01-077-0010; FeOs: 01-072-0469, CuO:
00-048-1548.

Figure ST uXRD patterns for Cuk, obtained with different ratios of water andthylene glycol, after reaction for 30 min
at 175°C.Following ICD reference patternsvere usedCuFeO,: 01-077-0010; CpO: 060050667, CuO: 0D48-1548.
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