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Abstract

The increasing concentration of carbon dioxide fd@the atmosphere, caused mainly
by fossil fues combustion, is one of the key environmental issues nowadays. Therefore, its
capture and further utilizatioare highly relevant topics in the current research. One of the
waysof CO; conversions is photelectrochemical (PEC) approach. PEC process and design
of multicomponent photoelectrodes for PEC LC@duction reaction (C&RR) are
investigated by t his bachedOp isdamr ptinkeysi s .
photoresponsive material, dueléev band gap allowing the photoetation by visible light
andits suitable redox potential for GRR. However, CtO suffers fromahigh rate of charge
recombination andsignificant photocorrosion. Hence, we investigated the protective
overlayer of various microporous (*BEA, FAY, Zn-FAU-Y) and mesoporous (MCM1,
KIT -6) materialgo improve the overall photocathode stability

The porous materials were synthesig@ughhydrothermal methods and thoroughly
characterized CwO layers were prepared via electrodepositioonto FTO glass and
subsequently coated with the synthesized porous materials usingceptag technique.

The resulting multicomponent electrodes were evaluated using linear sweep voltammetry
(LSV) and chronoamperometric measurements undeonstant illumination.
Chronoamperometric tests were combined with the product analysis of gas and liquid phase
contained in the reactor after the ted®soduct analysis was performed bwyth gas

chromatographyGC) and proton nuclear magnetic resonafteteNMR) spectroscopy.

The resultshowthat theusageof porousmaterialsasprotectiveoverlayersparticularly
zeolites *BEA and ZfFAU-Y, canimprove the photostability andffect the catalytic
performance of CiD-based photoelectrodes terms of product distributiom CORR.
Thesemulticomponent photoelectrodes demonstdatereasen the photocorrosiorprocess
when compared with the baFF O/CwO electrodes. This work highlights the potential of

multicomponent photoelectrodasluding porous materiafer efficient CORR PEC.

Key words
Photo-electrochemical (PEC) catalysis, CO, reduction reaction (C£RR),
semiconducte; multicomponent photoelectrodesCwO, zeolites, mesoporous silica

materials



Abstrakt

Spal ovgn?2 fzopsTislonk?ucjh? cpa | zi weyogxoi vd8un 2 u hkl @) nl ci et n@® hr
vat mosjfe®Sjeedn2m z kl2]ovich environment &l n
zachycovg8§n?2 Capveddimg?2 akyw@®ilin2m t ®mat eomz soul a:
mognpSémNanjye CfOot oel ekt r ochVamimckT t(GRPEDHakR?l S
bylzk oum8n P EoG Ipyr oncaevsr gae myl | & | k® improaeeypp?2 f ot C
PEC redukci CQ (CO:RR) . Jako prim8rn2 fotoaktivn2z m
(CO)p Se dedv?giggomal ®mu zak§zan®mu p8&su, kterT
viditelnTm swbdh@®muar kddkin?2 mBR. GudDtoev geim§ Img p 1
znal nou ndeTwlohdoudrue kzo mb ® nemdotokoro® Brotg jsme zkoumali
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(MCM-41,KIT-6) masezli@&mTzvigit cel kovou stabilit:

Por ®zn?2 materi 81y byly syntetizovsgny hy
charakter i aCo®BylaySi MVaesivesknt r odepozic2 ma FTO
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Visledn® multikomponentn2 elektrody byly hoc
a chronoamperometricklch mhRSen2 za st&§l ®ho
dopl mB@ay T zouvpyn®d kapal®f §absagenlich v reaktor
AnallTza produktT byl a proveaharkd exggnstickouv ou ct
rezonah n(2T H NMR) spektroskopi 2.

Visledky wukazuj 2, ge pougit?2z peo®EOM2ch m;
zej m®na zeol i-RAQ-Y, mB B A e gcelkomou fotostabilitu a ovlivnit
katalytickhk chédéwgmwel ekt roOzh Inead i bs&zai dGusCEOsRRAOytcc e pr o
mul ti komponeny wy k a zomhfofer I2rk?t r pdocesu fotokor
nepok FROIClktnTat o pr§§ce zdTrazRuje potenci §I N
obsahwpjor®zmnhi pmat erfieklty vna. PEC redukci CO

Kl 2] ovg sl ova
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Abbreviati ons

*BEA Zeolite Beta

'H NMR Proton nuclear magnetic resonance

ABF Annular brightfield detector

ADF Annular darkfield detector

AR After reaction

BED Backscattered electrons detector
BET Brunauer, Emmett and Teller

BG Band gap

BJH BarrettJoynerHalenda

BR Before reaction

CB Conduction band

CE Counterelectrode
CMC Critical micellization concentration

CORR Carbon dioxide reduction reaction

D Sacrificial electron donor
DFT Density functional theory
EC Electrochemical

EDX Energy dispersive Xay

ETD Everhart Thornley secondary electrodstector

FAU-Y Zeolite faujasite type Y

FIB Focused ion beam

FID Flame ionization detector

FTO Fluorine doped tin oxide

GC Gas chromatography

HER Hydrogen evolution reaction

HOMO Highest occupied molecular orbital

HRTEM High-resolution transmission electron microscopy

ICP-MS Inductively coupled plasma with mass spectrometry

IUPAC International Union of Pure and Applied Chemistry

IZA International Zeolite Association




LCT Liquid crystal templating

LSV Linear sweewoltammetry

LUMO Lowest unoccupied molecular orbital

MSE Mercurous sulphate electrode HgAS@x

OER Oxygen evolution reaction

OSDA Organic structure directing agent

P Photosensitizer

PC Photochemical

PCET Protorrcoupled electron transfers

PEC Photoelectrochemical

PXRD Powder xray diffraction

RE Reference electrode

RHE Reversible hydrogen electrode

SBU Secondary building unit

SED Secondary electrons detector

SEM Scanning electron microscopy

SHE Standard hydrogen electrode

SSCE Silver/silver chloride electrode Ag/AgCI

STEM Scanning transmission electron microscopy

TCD Thermal conductivity detector

TEM Transmission electron microscopy

usy Ultra-stable faujasite Y

uv-vis Ultraviolet-Visible

VB Valence band

WE Working electrode

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

Zn-FAU-Y |Aluminozincosilicate faujasite
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1.ntroducti on

Future sustainable development playtsuly crucial role inrecentresearclacrossnany
scienific fields. The increasing human population and economic development are the factors
thatareincreasing the global energy demand. As nowadhpsit85 % of the global energy
supply comes from fossil fuel combustibthe supply of these fuels cannot meet ever
growing demanslfor energy linked with growing populatipand therefore it is imminent
to find alternative sources earbon Besides the obvious scarcity of the fossil fuels their
combustion releases large number ofpaliutants, including the greenhouse gases, which
are directly responsible for the global warming and climate charngese ecological risks
havean immense impact on the environment and human civilizaiven presentlythe
consequences of the climate change and global warming caeelbeand theweather
extremes will become even more frequédhe ofthe primary subjectghat needs to be
addresseds the level of various greenhouse gases in the atmosphere, most importantly the
level of carbon dioxide, which constitutes to approximately 80 % of all greenhouse gas
emissions. Therefore, its capture, utilization and storage are very important topics for
research.Besides lowering the greenhouse gas emissions thec@® be used as an
alternativecarbon source since it is readily availab@ne way of utilization of carbon
dioxide is its conversiofvia CQ reduction reaction, CARR) into valueadded products,

e.g. methane, formic acid or methahddy photocatalytic, electrocatalytic and photo
electrocatalytic processes. The phetectrocatalytic conversion stands out because it
combines the advantages of the photocatalytic and electrocatalytic proc€sses.
conversions face many challenges since thei€@®very stable molecule and its conversion
thereforeneeds a large amount of energy. These processes involve catalysts, which should

be ideally cheap, abundant, ntwxic, less corrosive and chemically stabfe

To tackle this issue, this thesis emplo@skO based photoelectrodes for photo
electrocatalytic CeRR. CuO possesss many advantageshut main limiting factor of its
efficiency is the photocorrosion of the material, which significantly lowers its paitaity.
Multiple strategies are employed to deal with this issue, among them also preparation of
heterostructure photoelectrodes. Tthissis focuses on the assessment of pacti@ity of
heterostructure photoelectrodes consisting ofGCand the protective overlayersing

various porous materials.
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2Goal s

This thesis aims to enhance the pheliectrocatalytic properties and stability of
coppe(l) oxide (CwO) for reduction of carbon dioxide vigreparation of multicomponent
photoelectrodesThe photoelectrodes composecoppe(l) oxide layerwith a cover layer

of porous material This thesis hafollowing partial objectives

- The synt hesi s of t he var i oiuseopartoeuss amm
me s opei bbuassaeadt er i al s)
o Hydr ot her mal symBEReRAWBanatfAB¥neo!l i tes
o Hydr ot her mal synt hesi s of meksopodous
KI-@ .
o Characterization of thejr morpamdedbbyn
el emental .composition
- Preparabtmpas bdeaet mpddd 0
o El ectrodepo¢iolxiiadr ofn. dolOp grl as s
0O Spraogati ngorohat édirei al s over(ldphiedd ayer
- Phodloe dtemocchaalr act eri zati on of photocat hoct
o Linear sweepL8Y)tammetry
o Chronoamperometric me a s Ui raesnseenstssme mm d ec
| ovgr m phot osiRRbiplriotdywucandan@Oysi s
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3Theoretical part

3. 1Convemwmdsi eamr bon di oxi de

Carbon dioxide has been denoted as a major greenhouse gas, with its emissions
constitutingto approximately 80 % of all greenhouse gas emissiditss together with
increasing global energy demaark the main reasons for development of new strategies
and technologiesThe main goals arat least partiateplacement of fossil fuel energy and
also the moderation of G@missions through its capture, storage and mainly the utilization.
These strategies should ideally use abundanttaan, low-cost and efficient materials.
Since the storage of carbon dioxide comes with many limitations and possible daungers
as accidental leakage back to the atmosphéhe)direct utilization of CQ through
conversion into valuadded productgfuels and chemicalshas beengainng a huge
attention. This approach can turn waste anewcarbon sourcecontribute to slowing down
the growth of CQ emissionsand help tomoderatethe energy crisiall at once.CO; is
nowadays definitely a cheap, safe and most importantly abundant source of tteetedare

it is an ideal candidate aarbon source thuasso contribuing to circular carbon econonty.
3

CO. conversions and utilization can be divided into three main categories:
chemical/catalytic  conversions (chemical processes), enzymatic conversions
(biological/biochemical processes) and technological utilization (physical processes). The
technological utikation holds many practicand realapplication such as additive to
beverages, food preservation, dry cleaning, fire extinguisherdgmtgmatic conversions
are processes occurring in the living organisms (animals, plant and microorganisms).
Biological processes mainly include the photosynthesis and @iDeralization. The
restriction of the potential of biochemical processes is the slow conversionThate
chemical/catalytiprocessesse CQ as a raw material but in many cases, they have shown

low conversion rate and poor selectivit.

Chemical conversion of CCcan be divided into two categories: l@mergy (non
reductive) exchange and higimergy (reductive) exchange (ségure 1). Low-energy
exchange uses less energy to convert @@ organichigh-carbonchemicals, with its
carbon in oxidation state +4 or +3. The higergy exchange uses greater energy to reduce

13



CO:to chemicals or fuels with carbon in oxidation states of +2 or I&Wwecurrent economy
where the demand for the fuéesg CHa4, CHsOH, etc.) is higher than that of chemicals the
second approach is more attracth?¢.

Reductive formic acid carbon
monoxide
methanol 20
v&@ 20 )
carboxylic
ethylene 8 / acids

methane t——————————

ethanol \ organic ..
/ \ carbamates 3
inorganic / A ureas \/
carbonates organic ,*
™ Non-reductive

carbonates

Figure 1: The chemical C@conversions with different products can be divided into two
categories: reductive (higanergy) conversions and noaductive (lowenergy) conversions.

From the chemical C£ conversions themainly explored ones are based on
thermochemical, photochemicéPC), electrochemicalEC) and photeelectrochemical
(PEC) processes.Apart from thePC and PEC conversions, the processes face many
disadvantages, such lgh-energydemanding conditions (high temperature and pressure).
The PC and PEC processes stand out for a few reasons: they lagairenergy, that can
be obtained from sustainable soutteey use natural solar light as the main energy input).
They areperformedundermild conditions compared to other methods and they are highly
controllable through reaction temperatures and electrode potential. Mqréeveystems

used for these conversions are modular, scataiileompact'*

3. IMoll.ecul ar structure and ther mod)\

Linear molecule of C&is held together by strong covalent bonds, where the atoms have
strong electrical affinities towards each othexy@enatoms are better at pulling electron
pairs from thecarbonatom; therefore, the C atom is at relatively low energy state. The bond
length is 116 pm, which is interestingly shorter than that of a typic& Gouble bond (124
pm in acetaldehyde) and closer to the length of th® @iple bond (112.8 pm in carbon
monoxide)? The energy of CO bond in CG molecule (803 kJ/mol) is much higher when
compared with HO bond in HO molecule (463 kJ/mof) These properties are attributes
of the sphybridized orbitals of C. Each hybridized orbital form& laond with O atom and

14



the two left p orbitals form a bond with O atom. Combination of low polarity, high energy

and high symmetry of the molecules leads to very high stabflityis moleculé*

CQOz is one of the main products of any combustion. Main problem encountered by any
form of CORR is that CQ is very thermodynamically stable moleculEherefore the
CORR is thermodynamically uphill procegendergonic reaction)and will not occur
spontaneously. Energy must be supplied into the system in order to overcome negative
potentials and give valsadded product$*®

3. 1El2e.ctrochemPhalteni( €&£) an(dPC)phot o
el ettemoc al e(dlalétt)zon of CO

ectrocatal m—l"ﬁ&, stem | phott al ]
=9 e_/CB\
External Bias T 51 Catalyst

Catalyst

photoelectrocatalytic system

ﬁ_l
External Bias
<= € %

——CB 7 —

Catalyst

N
= VB
®

Figure 2: Scheme of electrocatalytic, photocatalytic and predextrocatalytic syster.

El ectrocatal ysi s

The renewable electrical energy is readily available via 1acgée solar and wind
facilities nowadaysthereforahe electrocatalytic CERR is consideredsa promising clean
and sustainable way of turning industrial ¢@to valueadded chemicals and fuelBhe
process starts with the activation of adsorbed @Glecule on a catalyst surface via electric
energy to form C@ (seeFigure 2). Further transfer of electrons and/or protons leads to
formation of other intermediatés.

The most commonly used electrocatalysts are metaliganemetallic and carbon
basedmaterials For thepurposeof EC CQRR, the transition metals, such as Au, Ag and

Pd arecommonlyused as catalysts. The great disadvantage of this pnebessising the

15



noble metatatalystss poisoning effect by CO molecubehich is one of the most common
productsof CO:RR. CO molecule exhibits strong affinity towards coordination with
transition metals. If this interaction is too strong it can create difficulties for the desorption
of molecule, therefore lowering the catalytic activiygditional downsidesretoxicity of

some metalg¢e.g. Co, Plare rarely used because of their toxicithgir cost inefficiency

and environmental unfriendlinegs.g. Pd, Ag, Pt)Further development of electrocatalytic
CORR is limited because dbw Faradaic efficiencyJow selectivity limited current

density, large overpotentials and unstable intermedidtes.

Photocatal ysi s

PC conversions of C{are based on trsolid photocatalysts absorbing the light energy
through photoexcitation of electrons from the valence band into the conduction band and
further usage of this energy for GRR (seeFigure2). They harvest the energy from solar
light and converts it into electremle pairs needed for driving the reduction and oxidation
reactions. It involves thrdeasicsteps: light absorption, charge separation and transfer to the

surface tgperformthe catalytic reactioh®*

Photocatalytic conversions of G@an be done in both homogenous and heterogenous
systems. Homogenous systems usually consist of a catalyst, a photosensitizer, a sacrificial
electron donor and/or electron refdihe mechanism of CA/RRin homogenous PC systems
usesof photosensitizenvhich isable to absorb the radiation and becoming excited (P*).
This excited state is reduced by a sacrificial electron donor (D), creating reduced
photosensitizer (P and oxidised sacrificial agent {P Photosensitizer then transfers the
electrons to the catalyst, which is able to performRR In someasesthe photosensitizer
and catalyst are the same speci€bis approachusually requires expensive metals,

sacrificial agent and it is afflicted by poor performance and stability iSSues.

In heterogenous system, which is also core of this thdmsthree main types of
photocatalysts used for GRR are: semiconductor materials, graphbased nanaatalysts
and organometallic complexeMostly, the large number of semiconductors has been
explored.The appropriate semiconductor must satisfy certain conditipitsmust havea
suitable band gapdeallyto enable thexcitation of electrons bgbsorption of visible light),

II) the redox potential of conduction band must be more negative than the redox potential of

16



COz reductionandlll) the redox potential of valence band must be more positive than redox
potential for oxidation of ED. The presented requirements therefore narrowmuh&berof
semiconductorswhich can be used for PC process€Sucial properties of these
semiconductors are also high photostability and efficient charge separation to avoid its
recombination, ergo photodegradation of the matériad.type of photocatalysts alaffects

the kineticsselectivity, efficiency and yieldf the procesBecause photocatalyst is the core

of the PC and PEC systemsrious semiconductors have been studmsek Figure 3).
Among them TiO: is widely researchedhaterial] which is cheaphighly stable, nortoxic
andabundantThe disadvantageof TiO: includea large band gap and therefore reiqgir
ultraviolet light for the photoexcitatioand low efficiencyIn contrast, CeO has a suitable

band gap energy for absorption of visible light, bsuifers from photocorrosiot?

Photocatalysts
utilized for CO,
Conversion

L Rl Metal Polymeric S
Sl sulphides Materials oinane Sl
oxides UIphIC framework
Titanium oxide Layer double
Copper oxide ’ Co-ZIF9 hydroxide
Iron oxide Ca‘zj;:;“:ll’;:'gde Graphitic nitride PMOF-AI Metal phosphides
Niobium oxide ZninS Graphene materials MIL 101 Elemental boron
Tantalum oxide 24 MOF 525-Co Bismuth-based
Strontium titanate Sic

Figure 3: Used photocatalysts for PC and PEC fRR*

Phodloectrocatal ysi s

Photoelectrocatalytic processes stand out since they combine the advantages of both
photocatalytic and electrocatalytic processdigher product yield and selectivity, cost
effectiveness since it requirlessenergycompared to EC systeraad more catalyst optien
are the main advantageBEC system (similarly to PC and EC systems)b&sed on
combining the photoelectrode in direct contact with liquid electrolyte, which provides
efficient and straight way of converting light into chemical energy, with applied external
bias (sedigure?).2 When thdight interacts wittphotoelectrode, the electrdmle pairs are
generated and are capable of driving oxidation/reduction reactions. The application of

external electric field results in band bending and therefore, it is directly responsible for the
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prolonging of the excited state of electron/hole pairs and thus lowering the recombination
rate.The amount of applied external bias can also have an impact on the product selectivity.
Moreover, it broadens the options of catalysts suitable for PEAERRCeven to those with

not suitable band gap energies

Besides CGRR, PEChas been widely used for water splitting. In PEC water splitting
there are two reactions taking place: anodic and cathodic reaction. Anodic reaction

(oxidation reaction) produces oxygen gas via oxygen evolution reaction @ER):
(/°-1 ¢ cA

However, the more interesting part of water splitting is cathodic reaction (reduction
reaction) since it produces hydrogen gas via hydrogen evolution reaction (HER). Hydrogen
has high energy density when compressed to its liquid state, thus being impantarfithe
future energetics development:

¢’'0O cA o (

PEC water splitting is one of the most promising ways to gemetetainable and
renewable energy sourdéowever, in CGRR process, thEER is competitive processd
hydrogen production is undesiréd.

Photeelectrochemical (PEC) cell consists of semiconductive pactive electrode
(photoelectrodé electrode coated with ligigensitive semiconductprelectrolyte, counter
electrode (might also be a photoelectrode) and genemalgparatiormembrane.The
presence of a separation membrane is crucial since it acts as a molecular barrier, only
allowing the migration of protons from the anodic compartment to the cathodic compartment
to react with CQ@. The proton exchange membrane therefore protects the system from back
reactionglike oxidation of CORR products by oxygergnd thuspreventsdecreasén the
efficiency. Currently, there are 3 different types of PEC systems used foREO
photocathodalriven (seeFigure4a), photoanodalriven (seeFigure4b), and photoanode
photocathodalriven PEC cel(seeFigure4c). Unfortunately, since the PEC conversion into
fuels is a very complex process, most systems suffer from low selectivity dad/or

efficiency?
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Figure 4: Scheme for three types of PEC systems: a) photocathroda system (usingtype
semiconductor), b) photocathedeven system (usingtype semiconductor), ¢) photoanede
photocathodedriven system

3. Kidneti celefbepoactadr edBEC),on of CO

As already mentioned, the GQOnolecule is thermodynamically very stable and
therefore, its reduction is not favourable process. Tia®been extensiveresearch
conductednthe PEC CGRR mechanism. The first mechanism was proposed by Hafmann
and it suggested that the initial and rdétermining step is the formation of intermediate
carbon dioxide anion radical (G). The initial step is followed by anothetectron and
protonadditionprovided by anodic half reaction, thus forming HCOMlternative pathway
for this step is formation of carbon monoxide which electron transfer and another £LO
molecule are involved. Howevemore recent study by Li et #l.suggests that the G
intermediate is converted intoethanolthrough a series aonsecutive electroreductions
and protonation#nother mechanism proposed by Inoue et al. involves the multiple proton
coupled electron transfers (PCET), which prevents large activation barriers and also reduces
the production of unstable intermediatédthough the PEC CE&RR has been explored
thoroughly, the mechanistic pathwagad kineticswas not extensively researchebhe
situation is even more complicated because the research has been done on a large variety of
different PEC systems. Furthermore, the adsorptive and catalytic processes on the surface of

semiconductor are still not fully clear. Adsorption of £i© the initial step of CeRR,
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therefore it iscrucial to understand the adsorption processes as it has direct impact on the

overall efficiency of the system.

The CO, conversions can be divided into two maafiorementioned categories
according tothe oxidation state of the C in final product: Aedluctive and reductive
conversionsln nonreductive conversions the oxidation state of C either stays(e.ty/
urea)or it is lowered to +l1l (e.gsalicylic acid. In reductive caversions the oxidation state
of C is decreased to +II and lower (e.g. carbon monoxide, formic acid, methathanol,

ethano).*

3.2Semiconductor s

Semiconductorganbe excited into the stgtan which theycondud electricity. They
have properties betweamnductors and insulatgrdepending on the external conditions
such as temperature, light or applied voltagethe case of solidemiconduabrs, their
properties can be explaineg band theorylt is based othe existence obands formed by
overlappingof molecular orbitals! This can be assumed since the energy levesshitals
are so densely packed that they do not form discrete molecular orbitals, but rather broad
bandst? A valence ban@VB) of a material is formed by closely packed filled energy levels
(molecular orbitals). A conduction ba(@B), on the other hands formed by closely packed
vacantenergy levels! A VB can be seen as analogoustte highesbccupied molecular
orbitals (HOMO) in a molecular metal compleand aCB as the parallel tahe lowest
unoccupied molecular orbig{LUMO).* Electrical conductivity is directly dependant on
the energy levels of these two bands. ViBand theCB can be separated by energy gap
called band gafBG). It creates a certain energy barrier for eledrarhen moved from the
VB to theCB (seeFigure5).tt

Conductors are characterised by overlapping VB and CB (BG isexistent,
Eg = 0 eV)", therefore the electrons can freely move from VB to CB. On the other hand,
insulators have a large band g&pg* 3.0 eV)*that cannot be crossed by electrons no matter
the amount of excitation energy provided to the material. Semiconductors are characterised
by a low enough band gaf= 0.17 3.0 eV}* between the VB and the CB that can be

crossed easily once sufficient amount of energy is provided to the material. Semiconductors
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are a huge part of the modedtay electronics, since their properties can be well controlled.
There is a huge variety of commonly used semiconductors, e.g. Si, Ge, SiC, ZnO, CdTe,
PbTe, GaN, GaAs, G8, Ti%;, CwO, CuO etc?

Eg=0.1-3.0 eV SOGV

Energy

metal semiconductor insulator

Figure 5: Comparison of the energy gaps betweerMBand theCBin a conductor, a
semiconductor and an insulatot

Semiconductors can be divided into intrinsic and extrinsic semiconductors. Intrinsic
semiconductors arsemiconductors made up of very pure semiconductive matandl,
thereforethe number of holes equals the number of excited electrons @Bhia the case
of intrinsic semiconductor, the Fermi level, desicrgithe energy state in which the electron
is located with 586 chancet absolute zeras located roughly halfway between the valence
and conduction bandn the other hand, ithe case of extrinsic semiconductors, tirgy
amount of impurities (dopants or doping agents) is deliberately introduced into pure material.
The type of dopant gives rise to two types of semiconductotypep and Hype
semiconductorsThe Fermi level shifts from intrinsic position according to the type of

semiconductor and the amount of impurity preset.

3. ptly.pe -taynpde nsemi conductors
Semiconductive properties candiganged by introductioof defect or impuriiesinto
the structure. This defect can either lead to increasing the owenalierof electrons in the
material creating the-type semiconductofn as negative)or it can cause the decrease in
the numberof electrons in the structure creating thé&ype semiconductofp as positive)

(seeFigure6). In both cases, the band gap energy is effectively reduced.

21



Acceptor impurity
creates a hole

© ponor impurity L O
contributes free )
é @ o electrons © @ 0
o O -

o@ 0 @o o@ o @o
o@o" o@o

n- type p- type

Figure 6: Introduction of dopant into material, giving rise tetype and ptype semiconductors

N-type semiconductors are produced by exchanging one atom in the structure with the
atom witha higher number of electror(seeFigure6). Since the excess electrons are not
used for covalent bonds, they can be removed from dopantaatdoan beshifted to the
CB. These free electrons then function as conduction elecfrbase electrons do not create
the corresponding holes in ti@, since they are already in excess. Therefore, the majority
charge carrierbecome electrons over holes. Impurities of this type are known as donor
impurities. Since the dopant introduces excess eleciroims Fermi level of #ype

semiconductor is shifted upwards just below@®B(seeFigure7).11516

P-type semiconductorare produced in the opposite wagmpared tothe ntype
semiconductors. One atom is removed from the lattice or exchanged for the atoa with
lower number of electrons thus creating hateghe bondingorbitals (seeFigure6). This
vacancy can be filled by excited electron from nearby attewancy created by this can be
filled by another neighbouring atom, and so Ancordingly, electrons move through the
material in one direction, while the positively charged holes move in the opposite direction.
The holes are majority charge carriers over electrons. Electron deficient impurities are
known as acceptor impuritiegitroduction of them into material creates excess holes and
therefore the Fermi level offype semiconductor is shifted downwards, just above the edge

of VB of material (se€igure7).11:16
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Figure 7: Schematic diagram of energy levels of (@ypme semiconductor, (b}type
semiconductor and (c) an intrinsic semicondugtor

3. pt.pe semicondiPrRRt or used for CO

The use of semiconductors for PEC processes is one of the most promising approaches
when it comes to scaling up the technology. When the light is absorbed by a semiconductor,
the electrorhole pairs are generatditype semiconductor is used to drive cathodic reaction
(reduction reaction)When ptype semiconductor is placed intontactwith agents in the
electrolyte withenergetically suitable redox potenfiahe redox potential of the electrolyte
should align with the CB of the semiconductor (for reduction reactions). Teuslectrons
from electrolyte will move to fill thephotogenerated holes in the semiconductor
Consequentlythe Fermi level energy will shift until electronic equilibrium is reached

between the semiconductor and the electrsgeFigure8 right).? 8
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Figure 8: The scheme of band bendingoetype semiconductor before and after establishing the
equilibrium between the semiconductor and the electrélyte.

The internal electric field created at the semiconduelectrolyte interface drives the
electronstoward the interface and the hokesvardthe bulk of the semiconductdn the
semiconductqrthis region is known as a depletion layer, while on the electrolyte side it
creates the Helmholtz layer corsig of positively charged ions adsorbed onto the
semiconductor surface. Thigsults ina band bending the valence and conduction band
benddownwardsdue to the different electrochemical potentighe kand bendingreates
internal electric field inside the semiconductor, which is strong enough to break the
electron/hole pairgushing holes towards the bulk of semiconductor and electrons towards
the interfaceThe photogenerated charge carriers can drive the half reactions thanks to the
electrical fieldat thesemiconductor/liquid junctiarAdditionally, the application of external

potential can further drive the charge separation, by increasing the band bendiriyéffect.

3. 3Copper (') oxide

Cuprite mineral isamajor ore for copper and is still mined in many places around the
world. Of all copper ores the cuprite givle greatest yield of copper per molecule. Itis red
to deep red colour that can appear almost black. Copper(l) oxide is one of the oldest materials
of semiconductor electronics, therefore its electronic and atomic properties have been widely
researched Copper(l) oxideand other Cibased semiconductors are very promising
materials for the usage in tiREC water splittingand other PEC processesnce unlike
otherextensivelyresearched semiconductors its band @p) is approximately 2.17 eV
(e.g. TiQ has a band gap of 3.2 e¥This BG energy is low enough to drive the desired

half reaction in PEC systems just by absorption of visible [i@#O can be prepared via
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several different methods (e.g. thermal oxidation of metals, reduction of eapoees
complex solution with glucose under microwave radiation, sputteriing) most attractive

one for industrial scale up is electrodeposition. This method has various advantages, among
them it is cheap, it can easily work on different substrates and it is highly tuneable through
parameters like applied potential, the currémtemperature and pH of the bat#

3. 3Stlr.ucture

CwO crystals possess tlsemple cubiccuprite structure with Pn3m symmetry space
group (seeFigure9). It can be described as two sublattices: a-fzm@ered cubic (fcc)
sublattice of copper cations and a baxdytered cubic (bcc) sublattice of oxygen anions.
Copper ions are bound linearly to two oxygen atoms and each oxygen atom is tetrahedrally
coordinated to four copper ionkaving the copper ions on the vertices of the oxygen
tetrahedror(seeFigure9). This unusual structurand low coordination numbeis limited
to a few other compounds, such as®@gPkO, Cd(CN} and Zn(CN). Another rarity of
Cw0 is its short coppenxygen bond lengtfil.85; ),2 when compared with the sum of the
ionic radii of Cu and &' seen in literatureThe spontaneous copper vacancies in the lattice

create holes in théB and are the source of conductive propefés.

Figure 9: Scheme of copper(l) oxide cell. Oxygen atoms are shown in red and copper atoms in blue and
green?

3. 3Ap2p.l i oh tdonn pehlod ot r dooaLREOy s i s

Advant ages

As already mentioned, @D has properties which make it suitable for PEGRR
Most importantly it has a direct band gap of 2.17 eMich is lowenough o allow the
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sunlight absorptionThe BG position is suitable for both the OER and HER, what means
that the edge of CB is more negative than redox potential fbt-tnd the edge of VB is
more positive than th@,/H>O redox potentiallt is one of a few materials with a narrow
band gap that can stilerform both of these reactionseeFigure 10). It is a lowcost
material, which is prepared from abundant precursors. It is also-toxicrmaterialand
more environmentally friendly than otheraterials It can be prepared via cheap and fast

syntheticmethods €.g. precipitationelectrodeposition3.

Di sadvantages

Since the BG of GO is narrow it is associated with a relatively higiobability of a
recombination of electron/hole pairs. Besides thmg,most prominent disadvantage of the
material is thgosition ofredox potentials for reduction/oxidation of the matetsalf lying
within the BG (seeFigure10). Therefore poth the photogenerated holes and electnoag
interact with the material itself causing its oxidation and reductiespectively. The

material is prone to photodegradatfmocesswhichisthe competing reaction for GRR?
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Figure 10: The comparison of band gap energies of multiple researched semicondinetoes
bars represent the calculated oxidation potentialsaferials, the black bars represent the calculated
reduction potentials of materiaf*
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Two main approaches to extend the lifetiared efficiencyof a material have been
explored: doping and protection with an overlayPoping of a materialmeansan
introduction of impurities into the lattice. It changes the BG of a semiconductor, since the
dopants introduce another energy levels (donor or acceptor levels) into the BG. This
approach improves the photocatalytic properties. The second approach, egngébtive
overlayer, is usually used with another semiconductor. The second semiconzrctor
transport the photogenerated charge carriers away and thus lower the recombination rates.

The composite electrode then forms a type of semiconductor heterojuirétion.

A non-conducting material can be also used asoteptive overlayerMaterials used
for suppression of photocorrosion process ofalectrode should be electronically and
chemically stableThey should be able to rapidly extract the photogenerated electrons from
the surface before they can accumulate and cause undesirable recombination or even
photocorrosion of the G@ itself. Thus, various electron scavengers (e.g. TEMP®dr)
materials causing preconcentration of the reactant close to the surface of electrode
(e.g. porous materials) can be used.

3.4Zeol 1t es

Zeolites are highlycrystalline, microporous silicabased materialsMicroporous
materials are according to International Union of Pure and Applied Chemistry (IUPAC)
classified by their pore sizes being up to 2 fitmeeywere originally discovered as naturally
occurring aluminosilicate minerals, but it did not take long for them to be extensively
researched and synthesil inalarge scaleZeolites were firsstudiedin 1756 by Swedish
mineralogist Axel F. Cronstedt, who noticed that when these minerals are heated up in the
blow-pipe flame they seemed to btihey produced large amount of steaRroduction of
steam is caused lajoss of water from the structurBecause of thiproperty, which is not
present in other mineratbey were named eol i tes (from the Greek
"to boil"™ and aada ¢ Quling thé Bscegnfury many scientisgs " st o
reported new materials classified as zeolites, and successfully described their general

propertiesThe term molecular sieve was first described in 1932 by McBain who discovered
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that chabazite mineral had the property of selectively adsorbing the molecules of the certain

size2326

Nowadays there arknown many types of naturalaround50 different types)and
synthetic zeoliteg254 different typesf’?® When the zeolitic framework is officially
recognized by International Zeolite Association (1ZA) it gets the 3 letter dde: porous
character exceptionally increases their surface area, increasing their surface to volume ratio.
Other useful zeolitic properties include their thermal stability, adsorption capacities, ion
exchange, acidity, molecular sieving and shape select&éiylites in their typical form as
aluminosilicates or silicates are insulatdreanks to the pores and their various diameters,
zeolites have found widespread applicatiomanyindustrial processe3.hey are hugely
employed in petrochemicand oil refineryindustry as the components of fluid catalytic
cracking catalystshydrocracking catalysts and the isomerization and alkylation catalysts.
Their cation exchange properties make them useful as industrialsedtieners, for removal
of heavy metal cations from groundwaters and for removal of radioactive cations from liquid
nuclear wasteThey are well known for their usage as commett@erogenous solid acid
catalysts where they replaced dangerous acids (HES®) in many processesther
applications arsupport forcatalysts ¢atalysts for biomass conversion combining both the
acid and metal active siteddsorbentgcomponents of vehicle catalysts for emission
control, where zeolites adsorb harmful gases until they are convemedseparators
(selective gas separator§ince their crystal structure has direct impact on their physical
properties, their structural chemistry is widehyestigated Zeolitic structures are also
interesting for research since numerous possible chemical substitutions and structural defects

make them highly adaptive and responsive to modific&tiéh?’-2°

3. 4Stlrructur e
Zeolites are composed of primary tetrahedra urs (T is tetrahedral catiolocated
in the centrg T atoms are mostly presented by Si atom, but can be substituted by other
atoms, typically Al. he O atomsare located on the vertices of the tetrahed(see
Figure1l). Typical Al O and Si O bond lengths are 1.73 and 1j6Iespectively. The
OTO bond angle is close to the tetrahedral angle with [)¥8%30
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Figure 11: Primary building blocks of zeolitic structu?é

Individual tetrahedrons are connected through O atoms in the corners into three
dimensional frameworks, creating pores and channels of variable siz&sgy{sed 1). The
arrangement of primary tetrahedra gives rise to secondary building units (SBUS).
Subsequently the SBUs alone or more frequently in combination with other types of SBUs
form threedimensional frameworksThe arrangement of SBUs into framework is

theoretically limitlesg324

Zeolites are commonlgescribed by the size, geometry and connectivity of the pores.
Pore diameter can alter in the size usually up to 1 nm but could be even more. Zeolite pore
sizes are defined by the number of tetrahedral cations in the ring openingriemkired,
10-membered or IPnembered rings)Zeolites are characterized by their pore size into
following main groups: small pore (with-Bie mber ed rings and
medium pore (with ne mber ed r i
a nahd extEarge pae zeobtes withd-membered,)

18-membered or even more membgrddhe size and shape of pore opening and channels is

ngs a,nlaye e eeelites (with&2 o f

membered rings
a very important structural property, since it controls the access of molecules into the pores.
This property makes them shape selective, which is particularly important for their use as
catalysts, sincea imakes them efficient and highly specific and thus improving the overall
economics of the processékhere are three types of shape selectivity basewtooh
molecule during theeaction is the limiting factor: reactant, product or transition state shape

selectivity? 3+ 24 30

The pore space geometry can be uniform andumsiorm in the cross section, creating

channels which may intersect with each other, thus generating the cages. The linkage of the
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channels can be dimensional: 1D (unconnected channels), 2D (the channels go through
material in 2 perpendicular directions) or 3D (channels intersect in 3 directions).
aluminosilicate zeolites with high aluminium contents (Si/Al approaching 1) the material
requires ordering. In the case of Si/Al = 1, the strictGi Al O Si alternation in adjacent

tetrahedra is observed (ine case ofzeolite A)?324:30
A simplified empirical formula for an aluminosilicate zeolite#4s:

- V13E/ g #

where x can vary from00.5 and M™ represents the inorganic or organic charge balancing

cation. X represents the neutral guest molecule or included species @ .aadteculef

The substitution $f © Al®* creates a negative charge in the framework, which has to
bebalanced bgxchangeable extifiamework cations (usually alkali or easdtkali metals).
When the extrdramework cation is H it createsBrf3nsted acid centres. When the
exchanged trivalent atoms are not coordinated tetrahedrallpnbutrivalently, it creates

the Lewis acid centreg:243°

The Si and Al atoms can be replaced or partially replaced in the lattice with titanium,
boron, gallium, germanium, indium, zirconium, iron and other elements, creating the
heteroatomic zeolites. Introduction of various heteroatoms into zeolite structuegyis
convenient since it can improve the properties of the parent molecular sieve (such as acidity,
thermal stability, catalytic activity and selectivity, hydrophobicity, conductivity, etc.) for its
target application. Heteroatomic zeolites can be prepaither via direct synthesis or
through possynthetic treatment method. Direct synthesis consists of introduction of
heteroatom into the synthetic gel. Since direct synthesis method produces a low metal
content and can be applied only to certain heterngatthe possynthetic treatment method
is an alternative option (also often more suitable in the dacgée preparation in industry).

In postsynthetic treatment the heteroatoms are introduced to the lattice by isomorphous

substitution’-23:24:30.32
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3. 4Sy2n.t hesi s
Zeolites can be synthesized in aqueous medi#nic liquids under hydrothermal
conditions(under high temperature atigh pressure)n the presence of organic and/or
inorganic cations and a mobilizifmineralizing)agent*

In nature zeolitescrystallizefrom saline water and volcanic glasg avolcanic force
This reaction occurat temperatures between @7and 53C with typical pH being between
9 and 10. Unfortunately with these conditidhe crystallization taleeapproximately 50 to
50,000 years. Naturally synthesized zeolites often contain many impurities, such as quartz,
amorphous glass and other zeolites and thus they cannot be efficiently usechtalie
commercial processe$hey can behowever used as adsorbents (e.g. odour absorbents,

dehumidifiers’

Since thdirst description ofaboratoryhydrothermal synthesis of zeolites by Baire
1940s 24 the scientific and industrial interests these materialtave been continuously
increagng. Regardlesghe extensive efforts tanderstand the preparation of zeolites, the
relationship between the formed structure and ingialthesis variables is not yet fully
understoodThere has been a number of proposed synthesis mechanisms of ,agbiiks
provide very important informatiorhowever,the large number of chemical reactions,
solubility and equilibria variationsiake itavery complex proces$loreover, following the
initial states of crystallization is very difficult experimentallyherefore themechanism

remairs the main challengim zeolite synthesié'

Hydrothermal synthesis is not only dependent on the tempeeatdneressure, but also
on other factors, such asactant sources, silica to alkali rataging time, composition,
stirring conditions,alkalinity, inorganic cationsseeding timeand the type of organic
structure directing agenfOSDA). Accordingly, adjustment of these parameterers

precise control over thiénal product®

3. 42e30.Bet*BEA)

Beta zeolite(*BEA) is the firsthighly silicious, purdy synthetic zeolitg(usually it
crystallizes with Si/Al ratio from 10 to 38} It exhibitsimproved thermal and acid stability
when compared to previously synthesized zeolitssially, it is synthesizedvith usage of
OSDAs. It is highly silicious material with large porés2-membered ring openingHeta
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zeolite has industrial and scientific importance, since it plays crucial role in several
hydrocarbon conversion reactigmscluding cracking, hydrocracking, biomass conversions
and etc32:3536

Beta zeolite is one of the most complex materials and it is also one of the most important
materials from the zeolitic familyt is an intergrowth hybrid of two structures with stacking
sequencealisorder(seeFigure12). This structural disorder ieflectedby the combination
of broad and sharp reflections in fh@vder Xxray diffraction PXRD). The sharp reflections
are the result of a nor mal Br aggéasiseframt er f er
non-Bragg scattering which is related to the disorder in the strudete.zeolite does not
contain cages (unlike faujasite) hteedimensional mutually intersecting channefs! 2%

g
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Figure 12 Scheme of the structure (@f) secondary building unit, (b) centrosymmetric layer from top
view and (c) from side view of zeolBeta®

3. 4Zedo.Faugeilsiinckce tyye Y (FAU

Faujasite Y is industrially widely used largere zeolite. It was first synthetically
prepared by Breck in 196#.Faujasite has a three letter code FAU and two topological
analogue$ zeolite X and zeolite YThe difference between the zeolite X and Y stems from
their different silicon to aluminiunmolar ratio. Faujasite with Si/Al lowethan 1.5 is
categorized as zeolite (& hashigher Al contentpnd faujasite with Si/Al higher than 1.5 is
classified ageolite Y(it haslower Al conten}. Since the high alumina content of the zeolites
destabilizes them, zeolite Y found very important role in the industrial procéidsesame
one of the most important catalytic zeolites, especially for petroleum refining and
petrochemical processes. It has a very significant role in acid catdgsige Y carbealso
postsynthetically dealuminataslithout the collapse of its framewatdk produce ultrestable

faujasite Yabbreviated as US¥:32%°
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FAU is composed of sodaliagesconnected throughexagonaprisms (also known
as double &ings) (seeFigure13). It has 192 primary tetrahedra located in the cubic unit
cell. FAU has large poresomposed of l2nembered ring®f about 8; in diameter,
therefore it can fit quite large moleculésAU hasa threedimensional channel structure.
The pores are connectinto socalled supercages, which haapproximatelyl2 j i n
diameter(seeFigure13). These characteristics are directly responsibléaige adsorption

capacity3%:°

Sodalite Cage

Type III

Supercage

Figure 13: Structure of faujasite showing the central supercage surrounded by sodalite’tages
3.4. Allumi nozi acpasanh&at e f

Since zeolites (including FAU) are electrically insulating, their usage for
electrochemical processes is very limited and has not been researched widely. Their use for
electrocatalytic CeRR is restricted not only because they are insulators but also because of
competing hydrogen evolution reaction (HERhe presence of Al species makes zeolites
catalytically active for the competing HERerefore, mcorporatingconductiveZn moieties
into zeoliteY structure as a substitution of Al aton{seeFigure14) might improvezeolite
conductivity Such material could battractive for use in the electrochemical BR.’
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Figure 14: Schematicatalysts design, depiction of route to obtaining the Zn FrAhdith
incorporated CdO nanoclusters as guest species
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Zn-FAU-Y was preparedand published by Zhang et .AlSynthesis was performed
without the use o©OSDA and the incorporation of heteroatom was doydirect synthesis

(addition of zinc nitrate into theeactiongel).’

Zhang et al. reportedthe incorporation oZn atoms instead of Al into aluminium
oxygen tetrahedravhile preserving the structud zeolite Y. Thesynthesized Z1FAU-Y
showed characteristic features of faujasite Y, such as presence of supercages and
12-memberedpore openingsThe substitution of Al atom®r Zn causesa little lattice
exparsionsince the Zn atom hadarger atomic radius compared to Al ato@onsequently,
this can lead to the shift of the diffraction peaks to the smaller arighesmost important
outcome of this study was the decrease in the band gap energy 0f@aySletermined for
aluminosilicate form FALY downto 4.56eV for Zn-FAU-Y (seeFigurel5).’
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Figure 15: Study of electronic conduction iofdividual materiak, a) electronic conductivities at a
room temperature, ByB XPS spectra, ¢) Tauc plots acquired from-UN5 spectroscopy, d) band gap
energies diagram.
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3. 5Mesopaern dnuasteer i al s

Mesoporous silicare inorganic porous materials, with the pore size ranging from 2 nm
to 50 nm according to IUPAC. Along with microporous zeolites they have gained interest of
research because of themtentialwidespread usage. Mesoporous materials are a result of
the demand for thevell-defined and larg@ored structuresThey have been studied
particularly as a catalyst support and adsorbents, mainly in the resatiolving large
molecules In the early 1990s, Yanagisawa et al. introduced the synthesis of the material
with similar structurethat is nowadays knowas MCM-412° Unfortunately, the lack of
further characterization (besides the XRD) caused the disregard of this dis¢o\iI92,
the Mobil Corporation discoverethe M41S family ofsilicate/aluminosilicate mesoporous
molecular sieves with large uniform pore structures. The discovery lead to worldwide revival

of the interest in these materidPs®443

The walls of mesoporous silicate materials are created by amorphous silicaTease.
presence of mesopores pronsrpid diffusion of macromoleculés.g. polymers, proteins,
nucleic acids, pharmaceuticals and dyesjgrdsinternal active sitedMesoporous materials
alsoexhibit large specific surface areahich is easilynodifiableby various organic and
inorganic moieties. Functionalization of mesoporous materials can be achieved by post
synthetic modifications or by direct synthesBther advantages of these materials are
tuneable pore sizeand pore channelsparrow pore size distributionstability and
biocompatibility. Mesoporous materials can be used in catalysis, adsorption, separation
optical devices, controlled polymerizatioatc. Unfortunately, their industrisdcale
application is not widespread as it had been believed in the beginning. Industrexttyis
only used a few materials for very specific procesgésen modified thegould be applied
in liquid pollution control(together with zeolites, activated carbons and aluminas). They are
useddue to theirability to uptake even trace amounts of transition and heavy nfetgls
from textile dyes)and radioactive compoundslodified silicate mesoporous materials are
more advantageous when compared with other adsorbents and conventional methods such

as precipitatiorf>26:4345

3. 55yIn.t hesi s
Mesoporoussilica materials are produced via hydrothermal synthesis withrtjenic

molecules present in the synthesis Jéle organicmoleculesalso called surfactantaye
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usuallylong chained molecuse Mesoporoussilica materials can be synthesized using the
anionic, cationic and neutral surfactant or 1samfactant molecules. The typesafjanic
molecules have direct impact on the structure of the resulting prddweatoncentration of
organicmoleculess a very important factor influencing the structuxelow concentrations
thesurfactantnolecules exist usually @slemolecules. With increasingpncentrationthey
combine together to form micelles and thus decrease the entropy of the system. This
aggregation of the molecules is characterized by the threshold of the initial concentration
called critical micellization concentration (CMC). Aside from the surfdaatancentration,

the nature of the surfactant itself, such as the length of the hydrocarbon arhain
hydrophlicity of the head groupplays also crucial rol&€hanging the various factors during

the synthesis can lead to the production of different products. Besides the type of the template
molecule, the source of silicpresence ofuxiliary compoundgother gel components
serving as pore expanders;templates or stabilizersy reaction condition (such as the type

of solvent,temperature, aging time, pH and mole ratio of the reactaais) alsadirect

impact on the produée:?°

3. 5Molb.i 1 e crystall tdnle) mat eri al 41
MCM materialsare obtained by hydrothermal synthesis and liquid crystal templating
(LCT) mechanism. They are wildly researched since they report excellent hydrothermal and
hydrolytic stability. They possess remarkably high surface area of around 18§pand
their porosity can reach up to 80 % of their total volush@&M-41 is investigated extensively

since the other members in the family are either difficult to obtain or thermally unétable.

MCM-41 hashexagonal arrangement of rotersecting cylindrical pores of diameter
in the range of 15 100 j ( Bigue=16). Pore diametedepend on the used template
molecule and reaction parametefdie walls of the channels are composed of amorphous
SiOp, and since MCM4L1 is purely silicate material it does not possess th8Bted acid
sites, and its overall acidity is similar to other sii@aaterials.They tend to possess weak

overallacidity connected with the presence of silanol grompshe surfacé®
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Figure 16: Schematic diagram of the structure of M41S family materials, N8GNayered),
MCM-41 (hexagonal) and MCM8 (cubic)*®

However, the absence of active sites limits the application in the field of catalysis.
Consequently, the doping of various elements into the MQMvalls has been extensively

researched®

3. 5K IX4.

KIT-6 has been firstynthesizedy Korean Institute of Science amdchnology which
gaveit its name*® Due to its uniquestructure;it has been studied for various applications,
including catalyst support material, nacentainers and nanmasting template for other
nonsilica mesoporous materialks a consequence of its widespreeadentialapplication,
the synthesis of K6 has been extensively studied. The use of copolymers as a large
structure directing surfactant molecules has been noted before, but Kleitz et al. reported the
use of Pluronic P123, which is commercially available triblookolymer, making the

synthesis more attractive for commercial use in large quarftitiés’

KIT-6 hastwo threedimensional continuous interpenetrating netwarkchannels and
uniform pores(seeFigure 17). Thanks to this unique channel network it progidehighly
opened porous support for guest species and activeptssblymitigating thecommonly
occurringpore blockagelt has a large average pat@ameter of about 4 12 nm and wall
thickness of 4 6 nm# The pore sizes are direct resultgefl compositions angynthetic
conditions. Usually the posevary between 7 9 nm, with larger pores being achieved by
hydrothermal synthesis with temperatures as high asf1.30t possesses cylindrical pore
system similar to those of MCMI8 (seeFigurel6), but with larger mesopores. The material
exhibits an ordered mesostructure wittubic symmetry (space groupa3d) (see

Figure17).44:46:47
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Figure 17: Cubic structure of interconnected mesopore channels oBKfT

3. 6 Phodldertoecmi c al characteri z

3. 6Lilnnear sweepL8Y)tammetry

Linear sweep voltammet.SV) is a basic potentiostatic method, where the potential
is swept across the certain range and the current flowing through the system is measured as
afunction ofapplied potentialThe output of LSV is usually a voltammogram, the curve of
current vs the applied potentidhis method uses thradectrode system, which consists of
working electrode, counter electrode and a reference electrottee characterization of
prepared photoelectrodes the LSV is used to determimphtitecurrent densityt is usually
performed in three modes: under dark, light and chopped illumination. Comparison of three

modes shows direct response of photoelectrode to light illumirf&mn.

3. 6Char,ronoamperometric tests

The chronoampemetry is an analytical method in which the current is measured as a
function of time. It is typically done under fixed applied potential. It also uses the
threeelectrode system. It is one of the most imporfBC characterization methods for
assessment of photostability of prepared photoelectindesg term range (in hourshhis
type of test is usually combidevith the product analysiafter its terminationfom the

electrolyteandgasphasef? 3

3. 7Product anRRysis of CO

The analysis of the products after chronoamperometric tests uses various methods,
mainly gas chromatography (usually with TCD and FID detectors) and proton nuclear

magnetic resonanc&he combination of both methotasbeen used in this study.
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3. 7Gals. chromatography (GC)

Gas chromatography &separation analytical method employed for analysing volatile
substances in the gas phase. The sample is dissolved in the solvent and vaporized. The
individual components of the sample are distributed between two phases: a stationary and a
mobile phase. Thenobile phasdcarrier gas)s an inert gas (usually nitrogen or helium)
which carries the vaporized sample through the heated chromatographic column. The
stationary phase is either a solid adsorbentmravolatile liquid coated on amert solid
support.The retention timgtime which a component spends in a chromatographic column
until it is detected,js an important pametercharacteristic for sample and a certain

chromatographic columif:>®

GC can be used with various detectors but, in this thesis two detectors were used:
thermal conductivity detector (TCD) and flame ionization detector (FID). The TCDs are the
most widelyand the oldestiseduniversaldetectors with GC. It is based on a heated metal
filament spiral(seeFigure18a) which senses the small changes in the thermal conductivity
of pure carrier gas compared to carrier gas containing saAughtantages of the TCfare
mostly that it is universal, and it has a linear and broad detection of basically all compounds.
On the other hand, it is less sensitive and specific than the other detiecsarsually used
for analysis of light hydrocarbons, permanent gases and compounds that cannot be analysed
on the FID detectot® 58
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Figure 18: Scheme of a) TCD and b) Fd

FIDs are most widely used detectors nowadays. It consists of miniature flame, in which
the mixture of hydrogen and gas is burnt. The outlet of chromatographic column is also

placed into this flame. On the other side of the source of the flame, there is metal electrode
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with applied potential (seigure18b). When the sample coming out of chromatographic
column is burntthe amount of ions and electrons increases anartiwunt of electrical
current flowing through the system increases as well, which is recorded as a signal. Among
the advantages of FIDs are their universality, reliability and versatility. When compared with
TCD they are significantly more sensitive whitdl eing able to detect broad amount of

compounds®->7:60

3. 7P.r2o.t on nucl ear adMB)Yic resonanc

Nuclear magnetic resonance (NMR) is a spectroscopic method using the magnetic
properties of the nuclei of certain isotopes. For a nucleus to be easily measured by NMR it
musthave spin qguant umH FQ¥p®)rWherthe dxternal nhagnete . g .
field is applied orthe nucleus witmon-zero spin quantum number, it creates new energy
levels.If the energy difference between newly created energy levels meétsghency of
transition, it meets resonance condition, the signal is detdtciedne of the most important
analysismethodsfor determination of the structure of mainly organic substarites.
considered rapid, nedestructive and reliable method for qualitative method. It provides
many advantagesimple sample preparatioand development of method and relatively
shorter analysis tim@52

3. 8Character i zoaft inbant enreltahl osd s
3. 8-rlay di { XRBEtion

X-ray diffraction (XRD) hasbecome one of the most important technigsiese the
discovery of Xray radiationNowadays, the powder-Kay diffraction (PXRD) is one of the
most valuable analysisnethodsfor polycrystalline samples. ¥RD is effective and
nondestructive methodor analysisof the crystalline material. The ability of Xays to
provide the structural information &direct result of its wavelength. Wavelength of the
X-rays is typically about 062.5; ,%3which coincides with the size of atoms and molecules.
The crystalline material causes the incident beam-adyxto diffract intomany directions
and by measuring the angles and the intensities of diffractexysthe threedimensional
electron density map can be productsl.multiple X-rays are diffracted by multiple planes

within the crystalline material into various angles, they can interfere together constructively
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or destructively. In the case of constructinterferencethe consequent intensity is higher
In the case of destructivimterferencethe resulting intensity is lower, often negligible. The

i nterference only happens under: certain con
¢ _ cQomi P

where¢ is an integer_ is the wavelength of the incident-rdys, q is the angle of the
incidenceandQis the spacing in between the planes of the cry¢tale n t he Br aggo6s
satisfied the peak occurs on the diffractogram. Position of peaksfeee identification

of a crystalline structure when compared to known datalidselly the peakshould be
sharpnarrowlines, but in practice the peaks are often broad, which is caused by various
factors.This is the first indicator aha t e rcriystalinidy ssince thesharp peaks mean well

defined cell unit parameter§he presence of aamorphous phags usually revealed by a
broadbandaround 25 2q, that is not true Bragg diffractioft is a result of the shortange

ordering in the amorphous materialfws, the phase identification is the most widespread

use ofPXRD analysis’?®3

3. 8Ad2s.or @ft i gans e s

Adsorption of gases ian important property of materialsnd particularly significant
for porous materialsince they possess large surface asg@spore volumesAdsorption
occurswhen the gas moleculésteract with the material surface andémter pore system
and temporarily bind to the sites in internal surface. Adsorption is divided)ipto/sical
adsorption (physisorption), when the gas molecule is bound weakly due to induced or
permanent dipolegvan der Waals forcespndIl) chemical adsorption (chemisorption),
when the exchange of electrons and thus formation of the chemical bond is involved.
Physisorption is usually observed at low temperatwb#e the chemisorptiorcan be
limited at higher temperatures. Physisorption is also completely reversible with lowering the
partial pressure, while chemisorption might need extra driving force (e.g. dre&t)

irreversible32

The adsorption is quantitatively described by adsorption isotherm, the amount of
adsorbed gas as the functionehtivepressurat a fixed temperaturddsorption isotherms
are therefore plotted as the adsorbed amount of the gas agairedative pressure of the

gas 6eeFigurel9). Isotherms can be measured using two types of analysis: volumetric and
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gravimetric According to IUPAChe pore sizes gforous materials are characteripaastly

by the gasidsorption datalUPAC specifies sitypes of the isotherra (seeFigure19).26:32

I(a) I{b)

it

IV(a) IV(b)

Amount adsorbed —————m—

Relative pressure  ———————jim—

Figure 19: The IUPAC classification of adsorption isotherms, denoting both the adsorption and
desorption curves, adsorption isotherm for microporous materials (type Fpom@mus or macroporous
materials (type Il), materialwith no identifiable multilayer formation (type Ill and V), mesoporous
materials (type V) and smooth nporous surfaces (type VA).

The most common way of characterizing the surface area and pore volume of the
material is through two theories: Langmuir and BET. Langmuir thessumeghat all
binding sites on the surface of the material are energetically equivalent, and it does not
consider the interactions between gas molecules. It also assumes that the collision between
gas molecule and the surface is inelastic andthiimis the adsorption process itsd¥ET
(Brunauer, Emmett and Teller) theory follows up the Langmuir theory incorporating the
effect of multilayer gas adsorption. While these theories are not strictly applicable to all

porous materials they can be useful for comparison between the ssdtture

3. 8EIl3ctron microscopy
Usage of electron microscopy for structural determinasisrwell as morphologpf
porous materiaglhas a long historyJnlike the Xrays the electron beam has a very strong
interaction with a solid sampl&@he electroa can be absorbed by the sample; however, a

large portion of incident electrons are backscattered electrons, secondary electrons,
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transmitted electrons, scattered electrons and energy loss electrons. Moreover, another
energy forms can bereatedrom incident electron beam, such as Auger electrorsyX,

etc. All of these different energynanifestationscarry various information on the
morphology structure or chemical composition of the saniple.

Scanning electron microscopy (SEN

SEM canbe helpful inidentification of the different phaseéoth amorphous and
crystalline) their spatial relationship and sizes of individual aggreg#teg morphology,
texture and uniformityOverall SEM assesses the structural features and homogeneity of
materials.When the focused beam of electrons is scanned onto the sample, some of the
electrons can pass their energy to the electrons in the sample and later bdrejacteel
sample as secondary electravith low energy. The secondary electrons are then collected
by thedetectorand they contribute to the brightness of the im&gdectrons from incident
beam carbealso elastically scattered in backwards direction (backscattered electrons) with
little or no energy loss. Presence and amount of backscattered electrons is directly
proportional to the distribution of larger atoms (atoms with larger atomic number), since
they have higher probability of causing elastic scattei@ansidering that SEM uses the
secondary and backscattered electrons ejected from the surface of the sample it naturally

produces only images of the surfdéé3

Transmission electron microscopy

TEM is a widespread method for analysing the crystallographic structure at atomic level.
In TEM the incident electron beam is transmitted through an-thlinasample while
interacting with the sample and producing the reciprocal space images. UnlikeTEEM,
is not limited to the surface morphology of the sample and produce bulk structural
information. TEM usage for zeolitic structures albasa long history. After emerging of
high-resolution TEM (HRTEM) it was soon used for observing the microporous systems in
zeolites. Considering that zeolitic materials very often contain distinct microstructures such
as intergrowths, twin structures and otdefects, HRTEM became very powerful method
for their characterizatiort.he main problem with TEM imagining of the zeolitic samples is
that most of these structures are beam sensitive and thus they start to decompose within a

few seconds to a few minutes under direct electron irradiZton.
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Energy dirsapyer(sbBDvXe) Xs pectroscopy

EDX spectrometers are usually attached to the SEM and TEM (it is additional analysis
method). They allow determination of local chemical composition of individagicles;
therefore,it cannot be considered a fully quantitative method. Analysis through EDX
spectrometers is based on the ejection of electrons from various shells of atoms of the sample
via the incident electron beam. When this vacancy is formed the electrons from the
enaggetically higher shells migrate to fill it. This movement of the electrons from
energetically higher states into states with lower energy releases distragt efiergy,
corresponding to the difference between energy of these two levels. This procgese kad
series of characteristic emittedr®ys, which are directly dependant on the atomic number
of the element#?

3. 8nductciovuepllye dwiphhbhasssmas pe ¢t CH8 met r y

ICP-MS is highly sensitive method for detecti@md determinatiorof elemental
composition of the sample. It combines the ICP as an ion source with MS for the separation
of prepared ions and their detectidie solid samplesust be converted into liquid phase
first. In the case of zeolitic materials, they are usually dissolved in the solution of strong
acids (HF, HCI, HNG@). Liquid sample isthen nebulised (creating a fine aerosol) and
afterwards it is transferred into plasrfianised gas, consisting of positively charged ions
and free electronswhich completely atomises andnises the samplé&reatedions are
subsequently transferred into the set of electrostatic lenses, which focuses and guides the ion
beam into the MS analyser. In the MS analyser the ions are then separated according to their

mass to charge ratio and they are measured by detector.
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4Experi ment al part
4. 1Chemi cal | 1 st
Tablel: List of used chemicals
Chemical: Formula/Abbreviation Purity: Dealer:
Aluminium nitrate nonahydrate P aw( 98% Thermo Scientific
Ammonia solution (7| 28% VWR Chemicals
Butan1-ol "0/ ( 99.8% VWR Chemicals
Copper(ll) sulphate pentahydrat #8/ w(/ 298.5% VWR Chemicals
Ethanol %O/ ( 100% VWR Chemicals
Ethyl acetate %O/ ! A 99.9% VWR Chemicals
Hexadecyl;[)rrl(r)nn(:;[crllglammonlum 4 4-1"0 2999% VWR Chemicals
Hydrochloric acid (#1 37% VWR Chemicals
Hydrogen peroxide (/ 30% Sigma Aldrich
Lactic acid #(# (1 (#1711 ( 90% VWR Chemicals
Ludox HS 3E/ 40% Sigma Aldrich
Nafion solution in propanol 5% Sigma Aldrich
Poly(ethylene glycotplock-
oly(propyleneaglycol)-block- , .
ﬁol%e%hyﬁgne g%y{ol)? Pluronic Opco Sigma Aldrich
P123
Potassium chloride + # 1 299% Sigma Aldrich
Potassium hydrogen carbonat + (#/ 100% VWR Chemicals
Potassium sulphate + 3/ 100% VWR Chemicals
Silicon dioxide 3E/ 99.5% SigmaAldrich
50-56%
Sodium aluminate AT Al,Os, 40 Sigma Aldrich
45% NaO
Sodium chloride CA#I PA LACHNER
Sodium hydroxide AT ( PA LACHNER
Sodium metasilicate . ABEv( / Fluka
Sodium sulphate anhydrous . A3/ 100% VWR Chemicals
Tetraethylammonium hydroxide 4 %! | ( 35% Thermo Scientific
Tetraethylorthosilicate 4 %/ 3 98% Thermo Scientific
Zinc nitrate hexahydrate 0.1 (! 299% Sigma Aldrich
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MIO=99 ntisbés zeol ites and mesory

4. 2Syln.t hesi s ¢fBEB)t a zeolite

The synthesisvas performedaccording tathe literature® 11.64 g of deionized water
wasaddedinto the 100ml plastic beaker. B5g of 35%TEAOH was added to the beaker
with a magnetic stiing bar Next, 0.1325 g of NaCl and.86 g of KC| was added to the
solution and stirred untdlissolved 7.385 g ofSiO, wasloadedinto a Teflon insertof the
90ml steelautoclave. Theolutionmixture was poured intthe Teflon insertwith silicaand
left vigorouslystirring for another 10 minuteSeparately5 g of deionized water waglded
into 25ml plastic beaker and0222 g ofNaOHwas added to it while stirring.4968 g of
NaAlO3 was added to the mixtune the beakeand the mixture was ledigorouslystirring
for another 10 minutes. Both mixtures wetdbsequentigombinedn theTeflon insert and
left stirring for approximately 10 minutes. Theeflon insert was put int®0Oml steel

autoclaveand theautoclave was placed into oven

Crystallizationproceededh the rotary oven set for 13& while autoclave was rotated
at 60 rpm fo65 hours.The mixture was filteredsingt h e B ¢ ¢ h with filterfjpaper n e |
washed with deionized watemd the product was dried oavernight at60 C. The

crystallinity of the product was checked by PXRD.

The &-synthesked material was calcined in the calcination oven under air atmosphere

at620 C for 8 hourswith temperature ramp of '/min.

4 . 2Sy2n.t h g £io $aiud g HAWEe
The experiment waperformedaccording tathe literature’ First, 117 g of deionized
water wasaddednto 250ml PPbottlewith amagnetic stiring bar. 199985 g ofNaOHwas
thenslowly addedwhile stirring. Afterwards 19567 g ofAI(NO3)s L. 90 widsaddedto
the reaction mixture. Lastly, 4% g of Ludox HS was slowly added to the botti¢h the
reaction mixturevhile stirring. The reaction mixture was then tefageat room temperature

for 30 hours.

The crystallizationproceededn the ovenat 100 C for 8 hours The crystallinity was
checked by PXRD pattern and based on the resuallisphthe batch of synthesis wtsen

filteredusingt h e B ¢ ¢ h with filterfpaper washed with deionized water added
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out at 60 C. The crystallization of the second half was restarted for anotbehaurs

(overall 125 hours) Afterwards the reaction mixture was filteresingt he B¢ chner f u
with the filter papeand wasdried out overnightat 60 C. The crystallinity of the product

was checked by PXRD.

The assynthesized zeoliteras calcinedn the calcination oveanderair atmosphere at

620 C for 8 hourswith temperature ramp of /min.

4. 2Sy3n.t hegeios Hade] &ZAMA & )

The experiment was repeated accordingpéditerature’ First, 117 g of deionized water
was addedinto 250m| PPbottle with the magnetic stimg bar. 199985 g ofNaOH was
addedslowly to the bottle while stirring. Afterwards X867 g ofAl(NO3)s. 90 wids
added to the reaction mixture9Z47 g oZn(NOz). L. 80 whisaddedslowly to the reaction
mixture. Lastly, 496 g of Ludox HS wasddedslowly to the bottle while stirring. The

reaction mixture was then ldft ageat room temperature for 30 hours.

Thecrystallization took place in the ovahn100 C for 30 hoursThe crystallinity was
checked by PXRD pattern and based on the resultbathef the batch was filterealsing
theB ¢ ¢ h n e rwith the filerephperthoroughly washed with deionized watard dried
out overnight aB0 C. The crystallization of the second half was restartetthénovenat
100 C for another 26 hour®verall 56 hours)Thereaction mixture was filteredsingthe
B ¢ ¢ h n e rwitH therilterephpeanddriedoutat 60 C. The crystallinity of the product
was checked by PXRD.

The assynthesized zeolit@as calcinedinderair atmosphere at 62C for 8 hourswith
temperature ramp of IC/min. The certain part of synthesized amount was calcined under

same conditions second time.

Synt hesio$ Hade] aZxni te using seeding

The preparation of the reaction mixture was the same as the synthesis without seeding.
After the aging at room temperatur&®14 g of already synthesiséd-FAU-Y zeolitewas
added to the mixture and ledtirring for another 10 minutes
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Thecrystallizationtook placein the overat 100 C for 29 hours After this period, hlf
of the reaction mixture was filteregsingt h e B ¢ ¢ h with the filter papeardddried
outat60 C. The crystallinity of the product was checked by PXRD.

The aystallization of thesecondhalf of the reaction mixture was restarted for another
26.5 hours (overall 555 hours) Afterwards the mixture was filteregsingt he B¢ chner
funnel with the filter paperand dried out at 60 C. The crystallinity of the product was
checked by PXRD.

The assynthesized zeolitwas then calcinednderair atmosphere at 62C for 8 hours

with temperature ramp of /min.

4. 2Sydnt hesi-d mefsoldOéMous materi al
Synthesis waperformedaccording tathe literatureé®” 900 g of deionized water was
addedinto the D00 Nalgene bottlevith magnetic stirring bad.0056 g ofC1sTMABr
was added to the bottle while stirring at 8 Next, 6.955 gof NaSiOz . 50 whls added
while stirring, until completedissoltion. Subsequently5.0 ml of the ethyl acetate was

added to the reaction mixturEhe reaction mixture was ledigingat 35 C for 20 hours.

Thesynthesis proceeddad the oven at 95C for 4.5 hours and then the temperatwas
risenup to100 C for another 23 hours After this period, lhe reaction mixture was filtered
usingt h e B¢ ¢ h with the filtew papeandit was thoroughly washed with deionized
water. The product wadriedoutat60 C.

The assynthesized mesoporousaterial was calcinednderair atmosphere at 54@C

for 8 hours with the temperature ramp ofCImin.

4. 25yont hesbme dp &Kl dus materi al
Synthesisvasperformedaccording tahereferencesynthesidsrom the literaturé’ 44 g
of deionized water waaddedinto the 250m| Nalgene bottlevith magnetic stirring bar
1.916 ml ofHCI wasaddednto the bottleNext, 1.2360 g ofP123was added to the reaction
mixture while stirring The mixture wageft stirring at 35 C for 20 hoursSubsequently,

0.9951 g of butanol was added to the reaction mixture. Stirring af 38as continued for
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another 3 hours..@648g of TEOSwas added to the reaction mixtufdie mixture was left

agingat 35 C for 24 hours.

Afterwards the reaction mixture was transferietb a 60ml steel autoclavevith a
Teflon insert The synthesis proceedéd the oven at 100C for 24 hoursThen the reaction
mixture was filteredusingt h e B ¢ ¢ h wiéhrthe filtar paperdnd washed with 2%

HCI/EtOH solution.The product wadriedoutat the room temperature

The assynthesized mesoporous matenials calcinedat 650 C for 6 hoursunderair

atmosphere with the temperature ramp o€imin.

4. 3Characterizati ocamnd ofpr erpada!
el ectrodes

4. 3PolwdearayX di (PKRBcti on
PXRD was done on @ruker AXS D8 Advance diffractometer equipped with a
DLYNXEYE XE-T detector in BragiBr ent ano geomed&r ykEus4 hy6 Cju)
radiation operated at 30 mA and 40 KkV. Dat ¢
range o3i 40 /A case of zeolitesn the rang®f 17 1 Oithe case of mesoporous materials
andin the range of 3 7 Oir\case of prepared electrod®gith exception of electroded)e
samples were preparéor measuremeny grounding the materials into fine powder and

then transferred into the plas¥&D holder.

4. 3Adls.or pti on of gases
Porosity and textural properties of prepared materials were assessedadisolption
and desorption isothermsat 9 6 U C b yFLEXsstatit goluraetri®@ Surface Area
Analyzer from Micrometrics. Prior to sorption measuremdrg materials were degassed

by the turbomolecularacuumpump(Smart Vac Prep instrument) from Micromeritics.

The surface are&der) was calculated by BET method using the adsorption data in the
range of relative pressures 4 0.057 0.20. The adsorbed amount at relative pressure
p/po = 0.95 reflects the total adsorption capacityfy. Thet-plot method was applied to
determine the micropore volume {Mo). The volume and posgize distribution of
mesopores was calculated from the desorption branch of the isotherm desisdy

functional theory DFT) method.The mesopore size distributions in the rangé 30 nm
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were calculated using the BarrdtiynerHalenda (BJH) method from the desorption branch

of the isotherms.

4. 3.n2ductively coupl ed I gdMEBs ma mass

ICP-MS was used for determination of chemical compositicsaaiples, using Agilent
7900ICP-MS. Process of sample preparation consisted of mixing approximately 50 mg of
the samplewith 1.8 ml of HNQ (67-6 9 %, ANALPUREE) , 537%, ml 0 |
ANALPUREENSmM cdiFd47%5 1 %, ANALPUREE) in a Tefl on
left open for 20 minutesThe vessel wagshen closed and placed into microwave
(SpeedwaveE XPERT, Bewhgihloef )befionrg 2h5e amiendu taets
temperature ramp & AC/ mi n. Mi xt ur e wandexcedoeHFwhse f t t o
captured into complex by addition of 12 of concentrated HOs solution Mixture was
subsequentih e at ed i n t he withihesamedempeeratre rahBoD ABG/LCmi n
for 10 minutes. Theesultingsolution was left to co@own andvasdiluted toa total volume
of 50 ml by distilled water

4. 35c3a.nning el ec3EBEMnamd camercgoyaydi(s p
(EDX spectroscopy

SEM images were obtained using multiplectronmicroscopes:

1. Ther mo Fi sher Scienti fSIEMM SQaqiudcagpped Dwhi
Schotyheg field emission gun.
2. JEOL -UBMOO mi(crhionsiclonp8e Mi croscopy Core F

Faculty of Science, Chardems sdmniomemguint y

Sample morphology was analysed using multiple detectors: EvieFharhley
secondary electrons detec{&TD), retractable backscattered electrons (BSE) detector, in
lens backscattered electrons (BSE) Trinity Detector T-lens secondary electrons (SE)
Trinity Detector T2. Images were collected at an accelerating voltagé k¥, 3.0 kV, 5.0
kV and 10.0 kV

lon-beam preparation was performed using the gallium Focused lon Beam (FIB).
Samples were covered with tungsten prior to milling. All samples were loaded onto

conductivecarbon tape (or copper tape) attached to the SEM aluminium stub holder.
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Elemental composition analysis was performed using erdigpersive Xray
spectroscopy (EDX) using the Thermo Fisher Scientific UltraDmay)detector integrated

into the SEM system. Data collection was performed at an accelerating volteEQ8ky .

4. 3Scdanmiamg mi ssi on el EM on micros
STEM images were acquired using a JEOL NEOARM 200 F microscope with Sehottky
type field emission gun in the STEM mode. The emission gun was used with an accelerating
voltage of 200 kV. Images were collected using the annularfaddkdetector (ADF) or
amular brightfield detector (ABF).EDX was collected using the EX7001 energy
dispersive Xray analyser. All the samples were finely grinded and placed canbmnr

coated copper grids.

4. 4El ectr odeifp o <iotpgpxeird e on F
gl asses

4. 4Clle.ani ng golfa stsheeRIGALO eani ng prot o
The FTO(fluorine doped tin oxide) glassed size 3x1.5 crmwere firg thoroughly
washed with deionized water and then placed indiviguato small 25ml beakers. The
cleaning mixture was prepared 6ymbining195 ml of deionized water with 39 ml of 28%
ammonia solutionn a large beakerThis solutionwas heated up to 7@ on the heating
plate while stirring. When the solutioeached 70C, it was removed from the heating plate
and the stirring bar was removed. 39 mB6#ohydrogen peroxide was added slowly to the
solution.When the solution started bubbling vigorouslyvids poured over prepared FTO
glassesand they were left to soak in it for at least 15 minutes. Subsequirgtlgolution
was poured out dhebeakersand the FTO glasses were repeatedly washed with deionized

water. Finally, the cleaned FTO glasses were drigcn the heating plate set for 18D,

4. 4El12.ct rioabcpopgpiledk i de on FTO gl asse
The electrodeposition took placearhreeelectrode systendO ml of Q5M solution of
CusSQ O5 H,O was addedinto 100ml beakermwith stirring bar 10.08 ml of 90%
CH3:CH(OH)COOH (actic acid) wasaddednto the solutionThe beaker with solutiowas
then submerged into preheated water bath placed on the heating plate seCfort&¥pH
of the solution was adjusted to the value ablfy slowly adding solid NaOH. The pH was
checked by calibrated pH metétiter fine tuning of thepH, the stirring bar wasreplaced
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with the smaller oneThe solution was kept stirring also during the electrodeposition. The

heating of the solution was ensured via water bath set t6.67

FTO glasswasheated at 150C on a heating plate prior to electrodepositibhen, it
wasweighed,andthe top was covered with a copper taBeepared FTO glassas then
placed and screwed into the metal holddre metal holdewas placednto a beaker lid
(with three ports) aswaorking electrodéWE). Theplatinum electrodevas use@s a counter
electrode (CERndthe mercurous sulphate electedMSE), Hg/HgSQs, or silver/silver
chloride electrode (SSCENg/AQCI, was usedas reference electrode (REhe prepared
threeelectrode system was submerged into the prepared sdhytiolacing the lid over the
beaker

CE - Pt electrode o e
\ g
M P
\ : |_— WE — FTO glass
\/
!
RE - Hg/Hg.S04

electrode (MSE)

Figure 20: Scheme of threelectrode system used in the electrodeposition gdCu

The programmefor potentiostatic electrodeposition was start&etting of the
programmenwas as followedpotential applied0.36 V vs RHE duration of the procedure:

30 min

After the electrodepositiothe electrodeovered with CeO waswashed withdeionized
wateranddried outon the heating plate set for 150. It was weighed, and the area of the
depositedCuwpO was measured. The amount of depos@egO was calculated per unit of

the arequsually in the range fro®.4 mg/cnt up t05.0 mg/cnd).
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4. 5Spragat iprog mafs e rviedr T ©C@

10.0 mg of particularmaterial wasaddedinto small vial, 2300 m of the Nafion in
2-propanol solutiorwas pipetted into the vial and0® ml of deionized water wasdded
The suspension wasdtrasonicated for 15 min (using the ultrasonic cledrmaodel: 613HT
with parameters: ultrasonic frequency: 40 kHz; ultrasonic power: 360 W; heating power:
400 W) Subsequently it was mechanically shakenanother 15 mirfusing the mechanic
shaker Unimax 1010 fronteidolph with speed 359 rpm). Prior to spragating the
FTO/CwO electrode was heateg on a heating plate at 15C for 30 min.The suspension
was then spragoated over FTO/CGO using the aibrush gun FENGDA BE207K, while
heating up the electrodes at 18D on thehot plateensuring the evaporation of the water
Afterwards theelectrodesveredriedfor another 30 mimt 150 C. From the weights of the
electrodesbefore and after spregoating the amount of material per unit of area was
calculatedusually in the rang8.27 0.8 mg/cm).

4. 6Phodloect r occhhaerna cctdder s tzsat i

All photoelectrochemicalREQ experiments were dorie the twacompartment cell
reactor equipped with a prot@xchangemembrane (Nafion 117, thickness007 inches)
(seeFigure2l). Thesolar simulator LS030&ith 300W Xelamp from Optixsvas useds
the light sourceThis solar simulator iproducing the broad spectrum (20@500 nm)
therefore similar tadaylight Light source was equipped withe AM 1.5-Global Filter
(2x2 inch), for correcting the Xlamp to better match the total spectromincident rays
when the sun is at the zenith angle ab3Tight source was also corrected by using the UV
filter. The light intensity was adjusted to 100 mW#cmsing the calibrated reference dell
portable radiometer (International Light Technologies Model 2400 with SEL623 and the
thermopile detector with NIST Traceable CalibratioBDuring the PEC experiments
potentiostat CH Instruments (Austin, TX, USA) 660D Workstation was used.
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Pt electrode (CE) €————————— Gas outlet

Ii / Hg/Hg>SO0s
electrode (RE)

Nafion membrane

Gas inlet

Prepared Cuz20
photocathode (WE)

Anodic compartment Cathodic compartment

Figure 21 Photo of théwo-compartment reactor used during the phetectrochemical
characterization tests.

4. 6L.ilnnear sweeplL8Y)tammetry

Prior to any tests, the prepared electrodese heated up dt50 C for 30 minon a
heating plateThe cathodic part of theactor(seeFigure21) wasdissembled anthoroughly
washed wittdeionizedwaterto wash all the residues of theSQs to ensure that doesnot
affect pH during experiments. When not usée reactor is stored filled withM H>SCQy to
prevent damaging thBafion membraneThe reactor washen assembledack with the
preparedwvorking electrode Electrolyte consisting of.BM KHCOs and 05M K>SOy was
carefully poured into the reactor to prevent bubbles of air staying dvati@en membrane
in theconnection of two compartmentseeFigure21). After assembling the reactorgan
was bubbled through solution for 20 m{fiow 70 ml/min) to remove all the gases
(particularly oxygen)dissolved in the electrolyteSubsequentlythe argon flow was
decreasedo 20 ml/min pH of the prepared solution waseasuredqusually in the range
8.171 8.4), andboundaries of the applied potential were calculatgainstRHE to be from
0.64to 0 V. Seriesof voltametric experimentseredonein three modes: undeiark,under
light irradiationandunderchopped mode (regulated by shutter: opened and closed every

three secondsYhese threenodeswvererepeatedwice.
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Afterwards theelectrolyte was saturated with gaseous carbon dioxide. Carbon dioxide
was bubbled through the solution for 20 rfflow 70 ml/min), subsequentlythe flow was
decreasedo 20 ml/min pH of the solution was measuredain (usually in the range
7.071 7.3) and the boundaries of the applied potential were calculatezDt641 0 V against
RHE. The series of voltametric experimentgere done with threebovedescribednodes

andrepeatedwice as in the case of argon experiment

4. 6Ch2ar,.onoamper ometwriitd dgtheaebiplriotdy ctte <
The sample and the reacteereprepared for the measurements in the same way as for
LSV experimentexcept the tine stirring bar was added to the cathodic compartment of the
reactor Afterwards,CO, was bubbled through the solution for 20 min with the flow of
100 ml/min. Subsequently, theclosed gas circuit was established in the reactor.
Chronoamperometric stability test was then perforraader constant illumination for
2 hours and with constant applied potential of 0.24 V vs RMEhen the experiment was
finished both the electrolyte and the géimseabove it weranalysed using the Gethod
with TCD and FID detectorsAdditionally, theelectrolyte was also analysed By NMR
(1.0 ml of electrolyte with 0.1 ml of D).

4. 7TAnal ys iopRSR opfr oGdQuct s

4. 7Gals. chromatography (GC)

GC product analysis waperformed on the 7890B GC system from Agilent
Technologies (with model number: G3440B). The GC system cormtainslets (front and
back) each equipped with differet¢tector The back lines equipped withtwo columrs
connected in series: Holesieve (part number: 1909850, length: 30 m, diameter:
0.53 mm, film 50.0rm) and PoraBOND Q (part number: CP7354, length: 25 m, diameter:
0.53 mm, film 10.0mm). The column outlet leads T&CD detector The frontline is equipped
with VF-WAXms column (part number: CP9206, length: 30 m, diameter: 0.25 mm, film

1.00mm) and the outlet leads D detector All columns are from Agilent Technologies.

Gas phase analysis

The gas phasanalysisafter performance of chronoamperomegdibourtest was done

online (thegas outlet of theeactor was directlgonneced tothe GQ. After theend of the
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test the gas phase wdses into GC using dosing loop (0.25ml) amhlysed on thback
line equipped with th&CD detector.

Liquid sample preparation

10 ml of electrolyte was taken into a 20ml vial enclosed with septum top. Then, it was
heated up to 90C in the preheated water bath for 30 minutes. Next, 1 ml of headspace was
injected in the GC using Hamilton syringéhe sample was analysed on ftinent line

equipped withFID detector

4. 7P.r2oonoal ear magnlt NMRyesonance

H NMR spectra were measured by using Bruker Avance Il spectrometer operating at
4 Larmor frequency of 60MHz equipped with roortemperature BBO probe. In all
experiments, water signal was suppressed by excitation sculpting method (zgesgp pulse
program) with 2ms long wateselective pulse (sinc shape). 800 scans were accumulated
with 6.5 s repetition delay reing in a total time of 1.5 hour per spectrum. Vendor standard
chemical shift referencing was used, based on chemical shift of the solvent peak used for
locking (90% HO, 10% DBO). Due to high salt content in all samples, excitation puisee

calibrated for every sample using the 'pulsecal’ feature cfthetrometer software.
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5Res alntds di scussi on
5. 1El ectrodepoBiphat oellOd cCtur o

Multiple set of electrodes were prepared using the electrodepositmmn Cu/*
solution. The amount of deposited & per area was calculated for each electrode (usually
in the range 3.5 5.0mg/cn?). The procedure was done under constant applied potential of
0.36 V vs RHE for 30 minutes (s€eyure22).

Electrodeposition of Cu,0

Current density (mA.cm™®)

-10 4

e —
0 200 400 600 800 1000 1200 1400 1600 1800
t(s)

Figure 22: Electrodeposition of G0 on FTOfrom Ci#* solution

5.2Synthesized porous mater.
Various microporous materials (*BEA, FAY and ZnFAU-Y) and mesoporous

materials (MCM41 and KIT6) were synthesized. The duration of syntheses was optimized

(in the case of FAWY and ZrFAU-Y materials) and the materials were characterized by

multiple characterization methods.

5. 2Polwd earayX di fPIXrRfDct i on (
First characterization method used for determination of the crystallinity of the prepared
materials was PXRD. For the mesoporous matekls6 and MCM41 thePXRD was

performed in the dange of Il 10 (seeFigure23), since they are amorphous materials
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and therefore | ac kBoth patteens \Bereacgmpdrexl with ithé patteans t i o r

from the referenchterature*’-%” confirming the presence of desired mesoporous materials.

a) KIT-6 b) MCM-41
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Figure 23: PXRD pattern®f synthesized mesoporous materials a)-8land b) MCM4 L

PXRD analysis was also used in the casenimroporouszeolites.The analysis was

performedn the2 dange of 3 40 (seeFigure24 andFigure25).

In the case of *BEA zeolite the PXRD patteofi commercial *BEA previously
measured in our research group was used as a reference materigireSéece of
characteristic bandnd peaksonfirmed thesuccessfubynthesis of *BEA structure (see
Figure24a).

a) +BEA b) FAU-Y
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Figure 24: PXRD pattern®f synthesized zeolitic materials a) *BEA and b) FXU

In the case of FAWY and ZrFAU-Y, thetheoretical XRD patternbtained from IZA
was used as a reference pattérBased on th@XRD analysisthe crystallization time in
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various synthesesas optimized to reach well crystalline materlAU-Y was successfully
synthesized with very similar results of PXRD analysis after 8 hours and 12.5 hours
crystallization time (seBigure24b). The material synthesized with the crystallization time

of 12.5 hours was used for further analysisl experiments

Synthesis of Z#AU-Y was performed both without the seeding and with the seeding
method (already synthesized-EAU-Y was used for seedingn the case of neseeded
method,the successful synthesiss obtained after 56 houas evident byhe presence of
characteristiqpeaksfor FAU structure (se€igure25d). The material synthesized with the

crystallization time of 56 hours was used for further anabstsexperiments

In the case of seeded methodle observedtypical peaks ofFAU after shorter
crystallization timeg(29 hours)compaed tothe nonseededsynthesis (se€igure25). Half

of the reaction mixture was allowed further crystallization reaching total time of 55.5 hours.

a) Zn-FAU-Y without seeding b) Zn-FAU-Y with seeding
; ‘ o0 ]De{ore oalcination ; 55.5h - before calcination,
s | | 3 w |
3 - — a L —-— e - -
E L 30h - after calcination g w
[ [ T
et -t
E 1 - be l E ) zinatic
FAU standard FAU standard
JL || L g JLU_l U U SR D vane
1 1 1 1 1 1 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40
2 Theta (°) 2 Theta (°)

Figure 25: PXRD pattern®f synthesized ZRAU-Y with different synthesis method a) synthesis
without seeding and b) synthesis with seeding.

As seen offrigure26, the highest intensity peaks are observed for aluminosilicate FAU
Y while both zincoaluminosilicate counterparts revealed significantly lower intensities (both

seeded and neseeded).
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Figure 26: PXRD patterrof synthesized FAU type materials (FAM) nonseeded Z#+AU-Y and
seeded z1AU-Y) after calcination compared to FAeoretical pattern

5. 2Ad2s.or ptei on of N
Analysis of nitrogen adsorptietesorption isotherms ismportant method for
characterization gborous materialsTextural propertiesincluding BET surface area, total

pore volumeand micropore volumeereanalysed by sorption of nitrogen at 77 K.

Both mesoporous silica MCM-41 and KIF6 materials show type IV adsorption
isothermsaccording to IUPAC(seeFigure 27a), which ischaracteristic for mesoporous
materials For KIT-6 thetype IV(a)isotherm was obtaed with a narrow hysteresis loop.

The capillary condensation in larger mesopores4 (nm) results in this shape of the
hysteresis loop, which is characteristic for ordered mesoporous materials with ordered 3D
pore networksMCM-41 exhibitedthe type IV(b) isotherm Since the MCM41 lacks 3D

pore network and exhibits uniform pores, we do not see any hysteresis in the adsorption
isotherm.The average pore size in the materials was calculated via density functional theory
(DFT) method: for MCM41 it wasestimatedas 3.6 nm and for KFb it wascentred around

8.4 nm, which is a little bit larger than usually reported (7706 nm)(seeFigure27b).
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Figure 27: a) Adsorption(emptycircles)and desorptiorgfull circles)isotherms of synthesized
mesoporous materials (MG¥IL and KIF6) b) distribution of mesopores in materials: M&\ and
KIT-6.

The data obtainefdr mesoporous materials are summarized iTtdide2. BET surface
area obtained for KI6 of 491 nd/g is consistent with the literature. In the case of MCM
41, the BETsurface area of 1026y is even larger than usualgported.

Table2: Textural properties of mesoporous materials determinedzadBbrption and desorption

Matenal S?,ET (m2/g) Vtotal (Cm3/g) Vmicro (Cm3/g)
MCM-41 1026 0.81
KIT-6 491 0.66

All zeolitic samples exhibited the type | isotherm (S&gure28), which istypical for

microporous materials.

260
240 .
220 FALY ecssesms .o.anuc-..no---“"'
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Figure 28: Adsorption(empty circlesand desorptiorffull circles)isotherms of synthesized
zeolites (*BEA, FAWY and ZAFAU-Y). In the case of ZRAU-Y both the synthesis witieedingafter
56 hours of crystallizatiorand without the seedin@fter 55.5 hours of crystallization)
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Thetextural propertiesf all zeolitesare summarized in thieable3. Thevalues obtained
for *BEA and of FAUY correspond with the typically reportedluesfor these materials.
Theinteresting case is the zincoaluminsilicate FAU-Y. It exhibits nearly half the BET
surface area and pore volumes compared to-frAnd the values reported in the reference
literature®® It may suggest theore blockage It opens the question whether Zn is truly
incorporated in the zeolitic framewof&s reported in the reference literajdrer is present
in some small clusters blocking the pores. In attempt to improve the textural properties of
Zn-FAU-Y, the synthesis was performed with seeding. Neverthelesextueal properties

of seeded Z+FAU-Y wereeven worse.

Table3: Textural properties of zeolitic materials determined bydkorption and desorption.

Matel’la| S3ET (mZ/g) Vtotal (Crn?’/g) Vmicro (Cm3/g)
*BEA 609 0.31 0.26
FAU-Y 731 0.37 0.32
Zn-FAU-Y 330 0.20 0.14
Zn-FAU-Y (seeding) 211 0.10 0.07

5. 2.n3d.uctively coupled pllaCd#Ba wi t h
ICP-MS analysis was performed for the zeolitic materials to assess the elemental
composition of the prepared materials. The results (as well as molar ratios of Si/Al and Si/Zn)

are summarized in thBable4.

Table4: The results of ICIMC analysis of synthesized zeolites

. . Si/Al molar | Si/Zn molar
Material Si(mg/g) | Al (mg/g) | Na(mg/g) | Zn(mg/qg) ratio ratio
*BEA 269 22.0 11.8
FAU-Y 172 90.6 1.82
Zn-FAU-Y 197 90.1 8.34 35.1 2.10 13.1
Zn-FAL-Y 276 123 16.1 66.9 2.16 9.60
(seeding)

The molar ratio of Si/Al for *BEA shows high silica contemthich was expected in
this caseAlso, the molar ratio of all synthesized materials of FAU type can be categorised
as type Y since their Si/Al molar ratio is higher than 1.5. Type Y of FAU zeolite is
characterized by lower Al content when compared with the X t¥seexpected the

Zn-FAU-Y materials contain lower amount of Al when compared with the /A& it was
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reported that zinc atoms should replace aluminium atoms in the framework poditbover
value of Si/Zn molar ratio in the seeded synthesis efFEbJ-Y suggests the higher content

of Zn in the material.

5. 2El4e.ctron microscopy
The SEM images of *BEA (se&igure 29) show purely crystalline phase. The

ovallspherical particlesretypical for *BEA material.The individual crystals have about

0.5 mm in diameter.

Figure 29: SEM images of synthesized *BEtdifferent scales.
The SEM images of FALY (seeFigure 30) show crystalline phase. The individual
particles are uniform in the size, usually to 0.5 mm. The particles showphericalcrystal

habitsimilar to *BEA particles

Figure 30: SEM images of synthesized FAlat different scales.

The SEM images ohonseededZn-FAU-Y (see Figure 31) revealed aggregated
crystalline particles with a morphology comparable to that of FXUHowever, the
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individual crystals appear more fused together showing less defined boundaries and a

slightly rougher surface texture.

Figure 31: SEM images afionseedednFAU-Y at different scales.

Thenonseededn-FAU-Y was also analysed using the backscattered electrons detector
(BED) of the SEM (se&igure32), showing more backscattered electrons due to presence
of Zn in the structureThe Zn atoms does not seem to be aggregated into oneagpldce

therefore, we could assume that Zn atoms are uniformly distributed throughout the.crystals

Figure 322 SEM images afionseeded&nFAU-Y in the same scale collected from different
detectors: secondary electrons detector (SED) on the left and backscattered electrons detector (BED)
on the right.

The nonseededn-FAU-Y was further characterized by TEMicroscopy and EDXo
investigate thepossible distributiorof Zn atomsthrough the sampléseeFigure 33 and
Figure 34). In both figures, the uniform distribution of Zn through the material can be
observedIn theFigure33, the Zn atoms can be obsenghining in the structure, under the
longer exposure of the sample to electron beam (the silicate structure is becoming amorphous
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and heavier atoms become more visible). Ateoough the elemental EDX mapping (see
Figure 34) we can confirm that the Zn atoms seem to be uniformly distribowed the

analysed aregas well asSi and Al atoms).

Figure 33: TEM image ohonseededn-FAU-Y.

overlay

Figure 34: Elemental composition of tnseededn-FAU-Y obtained fronEDX measurement.

The SEM images of MCM1 (seeFigure 35) do not show any kind of uniformity,

confirming the amorphous nature of the material.
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Figure 35: SEM images of synthesized M&¥at different scales.
The SEM images of Kl (segrigure36) also show the amorphous phase without any

large-scale uniformity. However, some parts of the amorphous phaseeala rodlike

interconnected structures, which is well visiblé=igure36 on the right.

Figure 36: SEM images of synthesized Kaat different scales.

5.3Spraogating of porous$0@aCea
All spray-coated electrodes were characterized on SEM both from theewpand the
crosssection view. Crossection view allowed us to see individual layerd=6f glass,
deposited C¢O and porous materiallhe topview images were collectagsingsecondary
electrons detector (SED) and backscattered electrons detector (BED). Theectass
images were collected by Everhdtiornley detector (ETD) collecting secondary electrons

andalso bybackscattered electrons detector (BED)
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5. 3R TIQ/,@fuB E A
From SEM topview of the electrode (sdéigure 37), we can observe that the £
layer is uniformly covered with thgarticles o*BEA zeolite.The layer of CeO can be seen
on the bottom right picturérom BED detector) shining brighter than the layer of *BEA. It
shows a little inconsistency in otherwise uniform layer of *BEAe crosssection view of

the electrod€seeFigure 38) clearly shows individual layer§he CuO and *BEA layers

haveawidth of approximatelys nm andbelow 5nm, respectively

Figure 37: SEM images FTO/CO/*BEA electroddtop-view)collected via secondary electrons
detector (SED) on the left and via backscattered electrons detector (BED) on the right.

det mag O HY HFW WD
110000 x 10.00 KV 41.4 ym 6.5724 mm

Figure 38: SEM images of the crosection of therepared electrode FTO/GO/*BEA collected
via EverhartThornley detector (ETD)n the left and via backscattering detector (BED) on the right
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5. 3R T20/,@CRA Y
The SEM images from the topew (sed-igure39) revealedsome flaws in the coverage
of the CuO layeras the underlaying crystals of deposite¢d@uare visible in some parts
The crosssection view (se€igure40) clearly shows individual layer$he CuO layer is of
approximately 6xm width, while the FAUY layer is of approximately Bm. Nevertheless,
it is very hard to assess tageragewidth of the FAUY layer since the image shows also
theparticlesin the space behind the dthe angle of/iewingis not perfectlyperpendicular,

and it also depends on the fogus

Figure 39: SEM images of FTO/GO/FAU-Y electroddtop view)collected via secondary
electrons detector (SED) on the left and via backscattered electrons detector (BED) on the right.

Figure 40: SEM images of the crosection of the prepared electrode FTO/OIFAU-Y collected
via EverhartThornley detector (ETD).
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5. 3R T3Q/,TAAF A Y
The SEM images from tepiew (seeFigure41) showed that the coverage of thexGu
layer issufficient but still with some imperfection3heycan be most prominently seen in
the image collected via backscattering electrons detector (BEDFripee41, right down
image). The crossection view (seé&igure 42) clearly shows the individual layers. The

width of CuO layer is approximately 8m, while the width of ZAFAU-Y is problematic to
determineas in the case of FTO/@D/FAU-Y.

Figure 41: SEMimages of FTO/G®O/ZnFAU-Y electrode (top view) collected via secondary
electrons detector (SED) on the left and via backscattered electrons detector (BED) on the right.

Figure 42. SEM images of the crosection of the prepared electrode FTO/OlZNFAU-Y
collected via EverhasThornley detector (ETD).
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5. 3R T4Q/,@MC M4 1

In the SEM images from tepiew of the electrode (se€igure 43), the amorphous
particles of the MCM41 can be observed. The coverage in¢hse is not as uniform as in
the case of zeoliteIhe SEM images show an electrode with the amount of MNf
approximately 0.35 mg/cmTherefore, from the topiew, theunderlayingcrystals of the
CwO layer can beecognizedcomingout of the overlayer of MCM1. These crystals of
CwO can be seen prominently on the image obtained from BED (bottom right). Even the
crosssection view (se€igure44) shows that the overlayer of MGHIL is not as thick and
uniform as in the case of zeolitd% improve the coverage, we suggest adjusting the ratio

between MCM41, Nafion solution and water used for spcaating.

Figure 43: SEM images of FTO/GO/MCM-41 electrod€top-view)collected via secondary
electrons detector (SED) on the left and via backscattered electrons detector (BED) on the right.

Figure 44: SEM images of the crosection of the prepared electrode FTO/OIMCM-41
collected via EverhafThornley detector (ETD).
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5. 3R T5Q/LE&HKI -G

In the SEM images from the topew (seeFigure45), the amorphous KFb particles
can be observed. Similarly, as in the case of MEMthe overlayer is not as uniform as in
the case of zeolite§'he SEM images show the electrode with the amount of&tf
approximately 0.20 mg/ctnThe crystals of CiD are clearly visiblepeaking from the
overlayer of KIF6. From the crossection view of the electrode (s&égure 45) the
individual layers can be observellso, during the sprayoating, it was noted that the
material did not stick to the surface of thecOuayer as in the case of zeolit&herefore,
as in the case of MCM1, we suggestdjustingthe ratio between KIB, Nafion solution

and water used for spraypating.

Figure 45. SEM images of FTO/GO/KIT-6 electrodgtop-view)collected via secondary
electrons detector (SED) on the left and via backscattered electrons detector (BED) on the right.

Figure 46: SEM images of the crosgction of the prepared electrode FTO4OIKIT-6 collected
via EverhartThornley detector (ETD)n the left and via backscattering detector (BED) on the right.
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