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Abstract

Replacing the unsustainable virgin petrochertEaived feedstock chemicals with ones
derived from waste or renewable sources is necessary for a sustainable, cleaner future.
Conventional catalysts used in industrial petrochemical processes are oftepatibawith
renewable feedstocks, as they exhibit poor selectivity and are prone to deactivation under the
operating conditions required for bbmsed processes. Atomic layer deposition (ALD), which
enables atomiscale, precise deposition, was explorethis thesis to nanoengineer advanced
yet costeffective catalysts for renewable feedstock applications.

Depositions were conducted on lmest, earttabundant, sustainable support particles using a
bespokeulseal fluidised-bedstyle powder adapter in an OpAL reactor. Investigations revealed
that backstreaming from the pump, a shift in the reactor configuration, extended outgassing
from the powder, and inadequate fluidisation causedumiorm and norALD depositons

on the powders. Mitigation strategies ensured ataoaéte, precise deposition on powders by
maintaining unidirectional flow, operating within the ALD temperature window, suppressing
gaseous outgassing from powders, and ensuring uniform gas expoalligadicles.

A series of engineeredupported mixed metal oxide catalysts (MeAl oxide) was prepared

and evaluated for the green production of maleic anhydride fromidsived furfural. Catalytic
activity in light of the mechanistic insights gained using-@ES, LEIS, and STEMEDX
reveded that a 93.7% furfural conversion was achieved when the surface ks ®ontained

a high number density of nucleation clusteraif?, exhibited an elemental mass ratio of 37:1
for V:Mo, and was loaded with only 0.26% V, 0.007wt% Mo and 0.22vt% Al. These
resul ts demonstrated ALD©OGS unprecedented
capability.

Advanced catalytic supports for Fischieopsch catalysis were prepared by incorporating

shells of AbOs and TiQ onto highsurfacearea coconushellderived washed activated carbon



(WAC) cores using ALD. The incorporation of 283 shell enhanced the thermal stability of
WAC without altering its morphology. Ti&Xshell was incorporated to facilitate strong metal
support interactions, ensuring dispersion of the active metals on the support and preventing
sintering during highlemperature reduction. Tg&hells were uniformly deposited with the
number of ALD cycles, even in mesopores, but substantial pore blocking occurred after 150
TiO2 ALD cycles. Investigations using XRD, Raman, an&ESIFEDX revealed deposition of
crystalline anatase and brookite Pi@anorods on AlDs-modified WAC, a noteworthy
outcome achieved at | ow deposition temperatu
These results confirm the development of an easily transferable powder ALD process which
enables precisely controlled deposition even on complex, porous structures. The methodologies
and insights developed in this thesis lay the groundwork for nanoerigmeextgeneration,
advanced catalysts with tunable properties for a circular chemical economy.

Keywords:atomic layerdeposition;powder ALD; atomic-scaleprecision; advanced catalysts;

renewable feedstocks
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Chapter 1

Introduction



1.1 Context

Humans have become heavily dependent orranawable fossil fuels since the Industrial
Revolution®' Apart from meeting energy needs, fossil fuels are also used to synthesise
platform chemicals, which are used to manufacture everyday products such as suffattants
resing® plastics*® etc. Driven by environmental concerns and the eventual depletion of fossil
fuel reserves, significant research efforts are now directed toward utilising renewable sources
to produce essential platform chemic¥l8oth biomass and CQare increasingly being
investigated as renewable sources for manufacturing platform chefi¥4lé involves a
multi-step transformation process; broadly, renewable sources are used to synthesise
intermediate feedstock molecules, which are then subjected to specific reaction pathways to
produce platform chemicats

As biomass has a complex structure and S8@hermodynamically stable, advanced catalytic
systems are required to synthesise feedstock chemicals (green feedstocks) frdm them
Furthermore, the efficient conversion of grdeadstock chemicals into platform chemicals

requires tailored catalysts to enable selective reaction patfwBysdamentally, the

"Ritchie H, Rosado P. Fossil fuels [Internet]. Our World in Data; 2022 [cited 2025 Oct 01]. Available from:
https://ourworldindata.org/fossiffuels

i Biermann M, Lange F, Piorr R, Ploog U, Rutzen H, Schindler J, et al. Synthesis of Surfactants. In: Falbe J. (ed)
Surfactants in consumer products: theory, technology, applicati®ertin: Springer; 1987. doi:10.1007/938
642-715457_3

i Hardy L, Bulleid R. The last use of fossil fuels? Making chemicals without oil and gas [Internet]. London:
Green Alliance; 2024 [cited 2025 Jun 09]. Available ftdatps://green-alliance.org.uk/wp
content/uploads/2024/04/Thedastuseof-fossitfuels.pdf

VIPCC. Climate change 2022: impacts, adaptation and vulnerability. Working group Il contribution to the sixth
assessment report. Geneva: IPCC [Internet]; 2022. [cited 2025 Jan 1]. Available from:
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf

V' Mabee W, Walker B. Review of feedstock supply for bioenergy [Internet]. IEA Bioenergy Task 43; 2025. [cited
2025 Oct 01]. Available frorttps://www.ieabioenergy.com/wpcontent/uploads/2025/07/Revievof-
feedstocksupplyfor-bioenergyin-IEABioenergy.pdf

Vi Mattos A, Mitchell A. CO2 as a Feedstock: comparison of CCU pathways [online report]. Cheltenham: IEA
Greenhouse Gas R&D Programme; 2021. IEA. [cited 2025 Oct 01]. Available from:
https://ieaghg.org/publications/2021
02%20C02%20as%20a%20Feedstock%20Comparison%200f%20CCU%20Pathways.pdf
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development of advanced, dedicated catalytic systems is at the cornerstone for enabling the

transition from traditional fossthased synthesis to a circular, renewable chemical ecohidmy



1.2 Atomic Layer Deposition (ALD) for Synthesising Advanced Catalysts

Atomic layer deposition (ALD) uses gabase, sequential surfasaturated reactions to
deposit materials with atomixcale precisiof® ALD processes for the thifilm deposition of
various materials on flat substrates have been established over the past 5.'dec4d&s06 s
exploration of deposition on powders has occurred over the last 2.5 d&caadeis this
exploration, ALD has been investigated for the precise engineering of efficient heterogeneous
catalystdo maximise metal utilisatioby leveraging its atomiscale control over composition,
structure, and morphology on support powder substtates

ALD has been incorporated into the synthesis of Hgexteration advanced catalysts for
sustainable chemical transformations through five main strafegiesuch as sing ALD to
deposit stable, active precious metal nanoparticles with precise size céntrdlleveraging
ALDOGs sequenti al nat ur e t o-metayswithhuepeceslentedc at a |
control over compositiot 2 using atomiescale precise deposition to synthesise highly stable
metallic singleatom catalysts (SACS}?’ usings ALD to tailor the interfaces of existing
catalysts by depositing metal oxide shells with precise control over their thickAtE€sand

employing ALD for synthesising supported metal oxide cataljs¢s?



1.3 ResearchGaps

Despite advances in the application of powder ALD, deviations from the ideal ALD behaviour
are often reported on powdéers® Most studies in the literature have reported higher growth

per ALD cycle when depositing on powders than on flat subsfraf@$44=vi |t js
hypothesised that the high surface areas of powders inherently have more surface functional
groups, whicHacilitate the higher deposition per cyclé* A couple of research groups have
proposed that the higher depositions are due to parasitic;|R¥Dontributions, facilitated by
residual moisture in the powd®* However, the literature lacks a systematic investigation
into the <causes of h i gdcaer predseom dighly tdesicables for AL D¢
synthesising advanced cataly®& could be limited if parasitic contributions lead to higher
deposition rates.

Furthermore, given the vast field of catalytic reactions in a circular, renewable chemical
economy* many research opportunities remain open, as-Agfthesised catalysts have been
explored for only a small fraction of reactiots.addition,conventionallysynthesiseanetal

oxide or mixed metal oxide cataly$ts renewable catalytic processes are underexplored using
ALD, even though ALD processes for metal oxides are-estiblished in the literatutg*
Moreover, ALD has been incorporated into catalysts for sustainable applications through a
limited number of strategies (as discussedLi?), while many other strategies, such as
operating metal oxide ALD processes in their nucleation regime to prepare-adjiviy
supportedmetal oxide nucleation clusgrand using ALD to prepare advanced catalytic

supports remain unexploretf154¢

Vi Groner M. Final report: Novel Akddated nanoparticle anodes for enhanced performance lithiom
batteries [Internet]. U.S. Department of Energy; 2009. [cited 2024 May 8]. OSTI ID 1105907. Available from:
https://www.osti.gov/search/semantic:1105907



https://www.osti.gov/search/semantic:1105907

1.4 Research Objectives

The primary aim of this PhD is to leverage the atesatiale precision of ALD for synthesising
nextgeneration advanced catalysts for renewable applications, specifically through the

following objectives:

1. To determine the cause/s of higher depositions in powder ALD.

2. Toachieve atomiscale precision on powders by eliminating process pathways that are
nonselflimiting.

3. To establish a synthesis route that enables nanoengineering of supported metal oxide
nucleation clustecatalysts with atomic precision ov&zeand composition

4. To minimise the loading of the active material.

5. To quantify the catalytic performance of Aldepared catalystagainst norALD
benchmark catalysta industriallyrelevant sustainable chemical transformations.

6. To maximise catalyst efficiency in renewable feedstock conversiarsiog ALD to

prepare advanced catalytic supports.



1.5Roadmap

The remainder of this thesis is divided into six subsequent chapters:

Chapter 2: Literature Review
Reviews advances in sustainable chemical production using ALD, methods for ALD on powder

substrates and ALD processes developed for desired metal oxides.

Chapter 3: Experimental Methodology
Details the experimental setup, deposition procedures and characterisation techniques

employed to achieve the objectives of this research.

Chapter 4: Powder ALD Process Optimisation: Analysing Challenges and Corresponding
Mitigation Strategies

(Relates to objectives 1, 2 & 3)

Investigates the causes of Aideal ALD on powders and presents mitigation strategies to

achieve the atomiscale precision on a wide range of powder substrates.

Chapter 5: Nanoengineering of Mixed Metal Oxide Catalysts by ALD for Synthesising Green

Maleic Anhydride

(Relates to objectives 3, 4 & 5)

Leverages the atom#cale, precise powder ALD process developed in Chapter 4 by operating

in the ALDO6s nucleation regime to synthesise
green production of maleic anhydride. Evaluates the correlation betwagalytic
performance, nanoscale surface properties and catalyst loadings to advance mechanistic

understanding in catalysis.

Chapter 6: Using Atomic Layer Deposition (ALD) to Prepare Advanced Supports for

Fischer-Tropsch Catalysts



(Relates to objective 6)
Uses the atomiscale, precise process developed in Chapter 4 to produce advanced catalytic

supports to maximise catalyst efficiency in Fiselmespsch catalysis.

Chapter 7: Conclusion and Future Work
Summarises the key findings of this research, reinforces the original contributions to the field
of powder ALD, sustainable chemical transformations and catalysis, and proposes directions

for future studies.
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2.1 Introduction

This chapter highlights the problems associated with human dependence on the fossil fuels
industry and explains the importance of adopting clean and sustainable alternatives. The review
then draws attention to the use of catalysts in achieving the simdigingoals. Next, the
challenges of conventional catalytic systems in renewable applications are outlined, and design
strategies to mitigate them are reviewed.

The atomic layer deposition (ALD) technique is presented next, followed by an extensive
review of advances in implementing ALD to prepare advanced catalytic systems for renewable
applications. The design strategies used for incorporating ALD are reviemedaase studies

to identify gaps and research opportunities. The chapter then reviews the reactor concepts used
to enable ALD on powders. ALD precursor chemistries and process parameters are reviewed
for metal oxides used in sustainable applications.

The final section of this chapter synthesises advances in renewable catalysis using ALD and

highlights the gaps and possible research directions.
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2.2 Motivation and Context

2.2.1 Global Climate Challenges and Fossil Resource Scarcity

A widespread use of fossil fuels, including coal, oil, and gas, began after the Industrial
Revolution in the midl8th century Over the decades, humans have become increasingly
reliant on fossil fuels for their dap-day activities"' Fossil fuels are usually combusted, which
releases greenhouse gases into the atmosphere, primarily carbon dioxijié' @@r the

years, the emission of G@as increased, reaching 35 billion tonnes per year in current'times
which has escalated the global climate criséecording to the Climate Risk Index report,
losses linked to climateelated disasters are rising worldwide, as communities increasingly
face floods, storms, droughts, and wildfife$hese impacts were scientifically assessed by the
Intergovernmental Panel on Climate Change (IPCC) to be primarily caused bysdatge
emissions of greenhouse ga¥esMloreover, as fossil fuel reserves are finite, it has been
estimated that we may run out of them by 2060. Hence, both environmental and energy
concerns are driving nations to reduce greenhouse gas emissions and look for sustainable

alternatives’

"Ritchie H, Rosado P. Fossil fuels [Internet]. Our World in Data; 2022 [cited 2025 Oct 01]. Available from:
https://ourworldindata.org/fossiffuels

i Ritchie H, Roser M. CO2 Emissions [Internet]. Our World in Data; 2020. [cited 2025 Oct 01]. Available from:
https://ourworldindata.org/co2emissions

i Adil L, Eckstein D, Kunzel V, Schaefer L. Climate Risk Index 2025: Who suffers most from extreme weather
events [Internet]. Bonn: Germanwatch; 2025 [cited 2025 Oct 01]. Available from:
https://www.germanwatch.org/sites/default/files/202%2/Climate%20Risk%20Index%202025.pdf

VIPCC. Climate change 2022: impacts, adaptation and vulnerability. Working Group Il contribution to the Sixth
Assessment Report. Geneva: IPCC [Internet]; 2022. [cited 2025 Jan 1]. Available from:
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf

16



https://ourworldindata.org/fossil-fuels
https://ourworldindata.org/co2-emissions
https://www.germanwatch.org/sites/default/files/2025-02/Climate%20Risk%20Index%202025.pdf
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf

2.2.2 Renewable Alternatives and Associated Challenges

Fossil fuels are generally used to produce platform chemicals that are used in the manufacturing
of day-to-day products, such as surfactafit¥ resins® plastics*® fertilisers® pigments® etc.
Therefore, the production of the platform chemical from-fomsil sources can effectively
reduce the dependency on fossil fuels. Biomass (including wood, agricultural residues,
dedicated energy crops) and £@®om industrial emissions and the atmosphere) are being
However, he transition from fossil fuels to renewable feedstocks and the complete replacement
of the vast infrastructure built on cheap fossil fuels face significant technical, economic, and
social challenge$ The economic challenge can be partly addressed by developing efficient
processes using cesffective and sustainable catalyéf4However, the development of highly
efficient and sustainable catalysts involves technical synthesis challenges and requires an
understanding of the reaction chemistry for conmgrrenewable feedstocks into platform
chemicalg'®1*

Conventional catalysts used in fodsilsed processes deactivate when used with biemass
derived feedstocks, as feedstocks contain oxygém multifunctional molecules and mineral

contaminants that deposit car bsitassacdfoopoison sub st

VBiermann M, Lange F, Piorr R, Ploog U, Rutzen H, Schindler J, et al. Synthesis of Surfactants. In: Falbe J. (ed)
Surfactants in consumer products: theory, technology, applicati®ertin: Springer; 1987. doi:10.1007/938
642715457 3

ViHardy L, Bulleid R. The last use of fossil fuels? Making chemicals without oil and gas [Internet]. London:
Green Alliance; 2024 [cited 2025 Jun 09]. Available ftdatps://green-alliance.org.uk/wp
content/uploads/2024/04/Thedastuseof-fossitfuels.pdf

Vi Mabee W, Walker B. Review of feedstock supply for bioenergy [Internet]. IEA Bioenergy Task 43; 2025. [cited
2025 Oct 01]. Available from: https://www.ieabioenergy.comAapntent/uploads/2025/07/Revievof-
feedstocksupplyfor-bioenergyin-IEABioenergy.pél

Vil Mattos A, Mitchell A. Cas a Feedstock: comparison of CCU pathways [online report]. Cheltenham: IEA
Greenhouse Gas R&D Programme; 2021. IEA. [cited 2025 Oct 01]. Available from:
https://ieaghg.org/publications/2021
02%20C02%20as%20a%20Feedstock%20Comparison%200f%20CCU%20Pathways.pdf

X Caballero J. Catalyst development and distributed electrified heating in reforming processes for efficient
renewable syngas and fuel production. Doctoral Thesis [Internet]. Stockholm: KTH Royal Institute of
Technology; 2025 [cited 2025 Oct 01]. Availalbdenf https://www.diva-
portal.org/smash/get/diva2:1940497/FULLTEXTO1.pdf

17



https://green-alliance.org.uk/wp-content/uploads/2024/04/The-last-use-of-fossil-fuels.pdf
https://green-alliance.org.uk/wp-content/uploads/2024/04/The-last-use-of-fossil-fuels.pdf
https://ieaghg.org/publications/2021-02%20CO2%20as%20a%20Feedstock%20Comparison%20of%20CCU%20Pathways.pdf
https://ieaghg.org/publications/2021-02%20CO2%20as%20a%20Feedstock%20Comparison%20of%20CCU%20Pathways.pdf
https://www.diva-portal.org/smash/get/diva2:1940497/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:1940497/FULLTEXT01.pdf

the catalysts with mineral depostt$! The active metals and metal oxides from conventional
catalysts also leach into the reaction mixture under renewable reaction conditions, which
reduces theurability of conventional catalyst§'® Sintering of active metal particles in gas

phase reactions at high temperatures or in aqueous media of renewable feedstocks adversely
affects the activity and selectivity of conventional catalyst8?? Additionally,
multifunctional molecules in the bioased feedstockan facilitate multiple side reactions,

resulting in low yields of the desired product with conventional catalytic systéths

2.2.3 Strategies for Designing Advanced Catalysts for Renewable Feedstocks
The unique challenges of renewable feedstocks have been addressed by developing various

catalyst synthesis strategies in the literatfité

2.2.3.1 Strategies to Mitigate Poisoning, Coking, Sintering and Leaching

Catalysts with robustactive metal alloys have shown inherent tolerance to poiséhitgf

The addition of protective overcoats on active metal particles can also reduce carbonaceous
deposition on catalyst§!®? Porous shells, such as silica or titania, over active metal centres
have been demonstrated to effectively reduce coking, poisoning, leaching, and sintering, while
still resulting in high activity®1°2321 A strategy to incorporate scavenger phases into the
catalyst formulation to trap poisoning species in the feedstock has also been demdrstrated
For example, ZnO is used to trap sulphur, whereas rare earth oxides are used to tragthlorine
Furthermore, doping active species with promoters has lepernted to enhance resistamoce
sinteringand poisoning®1921+2324 Stapilisation of the active metal particles against sintering
and leaching has been achieved by loading the active metals onto mesoporous materials, such
as porous alumina or activated carBdt??*?*>2°> The high surface area of mesoporous

materials can also provide abundant active sites for reaction, thereby improving .&ttivity

19,21,23-25
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2.2.3.2 Strategies to Achieve Unprecedented Selectivity

A foundational strategy is to tailor the cat
the desired reaction pathway, while suppressing side reactions, as electronic and geometric
structure can altethe strength of a catalyst to adsorb reactants or intermediates on its
surface???526:2% Advances in nanoengineering have enabled siaglm catalysts (SACs), in

which isolated metal atoms are anchored onto supports, maximising atom effiaighcy
offering unique reaction pathway$ Furthermore, wll-defined metallic nanoparticles,
nanowires, and porous frameworks have been reported to facilitate versatile reactions which
were impossible with conventional cataly&t$®282%X Coreshell nanostructures also offer

unique selectivity, and the interface between the core and the shell can be tuned to facilitate
the desired reactioi?*! Grafting ligands onto active metal centers has also been used to
influence t he met anvidsnend?! Bifferent igand designs ate beitige r i ¢
actively studied to promote specific reaction pathways while avoiding undesirable side

reactions and byproduct$?!

2.2.3.3 Strategies to Enhance Catalytic Efficiency

The next important strategy is to develop bifunctional or multifunctional catalysts that facilitate
multiple tandem and domino reaction steps in a single reactoreghdte intermediate
losses>3? One class of mukiunctional catalysts are prepared by pladimgtals like Pt, Pd,

or Co inside the tiny pores of zeolites or supporting them on mixed driddsgrate oxidative

and acidbase functions in a single systéfi Another class includes combining metal oxides

with complementary redox potentials, suchve®Os/Cu(NQGs)., where the multifunctionality

*Kuo CT. Structure sensitivity in the subnanometer regime on Pt and Pd supported catalysts. Doctoral Thesis
[Internet]. Blacksburg (VA): Virginia Polytechnic Institute and State University; 2020 [cited 2025 Oct 01].
Available fromhttps://vtechworks.lib.vt.edu/items/69d0625&1354d0e-b46d-0a94ce680b0b

X Liu H, Guan J, Mu X, Xu G, Wang X, Chen X. Nanocatalysis. In: Waringy¢taf)edia of physical organic
chemistry.1st ed. Hoboken (NJ): John Wiley & Sons; 201%7p. 1
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drives onepot synthesis of green phthalic anhydride from -déoived 5

Hydroxymethfurfuraf?®

2.2.3.4Methods to Implement the Strategies

Severalcatalyst preparation methqdsich asimpregnation,co-precipitation, ion exchange,
mechanochemical methods, aerelsated approaches, hydrothermal/solvothermal synthesis,
solgel synthesischemical vapour deposition (CVI2ndatomic layer deposition (ALDhave
beenusedto implement theabovediscussedtrategieg%81921 |t is beyond the scope of this
work to review eachmethodin detait the following sectiongocuson the basics ofALD and

its use forsynthesisingadvanced catalysts.
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2.3 Atomic Layer Deposition (ALD)

2.3.1 Basics of ALD

Atomic Layer Deposition (ALD) is an advanced variant of chemical vapour deposition (CVD),
which was invented independently twice, in t
the Soviet Union and in 1970s uland®*fALDiB e n ame
a technique, typically operated at much lower temperatures than ¥Duses sequential,
selflimiting surface reactions to deposit thin films with unmatched atTade
precision®**>3738 A conventional ALD cycle comprises four steps: precursor dose, precursor

purge, coreactant dose, and coreactant ptigé’® as illustrated irFigure 21.%7

Half-cycle A Half-cycle B
Precursor exposure Coreactant exposure
Precursor Reaction Coreactant Reaction
8 products Purge products Purge

?0

e

Time-sequenced, t, or spatially separated, x

>

Figure 21: A schematic representation of an atomic layer deposition (ALD) cycle in which a surface is
alternately exposed to a precursor (step A) and a coreactant (step B), separated by purge steps. The
subsequent exposures are either tisegjuenced or spatially seaed >’

During the precursor dose, a precursor containing the main elements of the target material is
pulsed into the reactor in its vapour ph#s&373° |ts molecules react with terminal groups on

its surface, such as hydroxylQH), amino {NH), halides {Cl, -F), etc., which are either
inherently presert+35373° or added through functionalisatié¥** resulting in their adsorption

on the substrate. Ideally, the reaction stops immediately once all the surface termination sites
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have reacted, making the process-Baiiting.34353738 An inert purge gas is used to remove
gaseous byproducts and excess precursor molecules from the reactor chamber (or from the
substratedts environment in spd®iBThisensu@y dur i
that the following reactant dose would only see the surface modified with the precursor,
avoiding any gagphase reactions and subsequent depositigng’ 3¢ During the coreactant

dose step, a reactant vapour is pulsed into the reactor chamber, which chemically reacts with
the adsorbed precursor molecule to form the
the surface sites ready for reaction with the next precurser*t3s”28 Ideally, the reaction

occurs only with the previously chemisorbed precursor molecmasing the process self

limiting, and any excess reactant molecules and byproducts are purged during the coreactant
purge step*3>338 This completes e ALD cycle343%3738 The deposition thickness of the
desired material depends directly on the number of ALD cy@legire 22 (a)), enabling

atomiclevel, precise control over depositiottg>3/
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Figure 22: (a) A representation of the linear increase of the film thickness during eight repetitions of
the ALD cycle, with its slope representing the growth per cycle,§@BG3rowth rate (GPC) as a
function of temperature and the existence of an ALD temperature window where the GPC remains
constant with temperaturg® (c) Typical saturation curves corresponding to the-kelited surface
reactions when operating within the ALD temperature window

Typically, substrates are heated as the deposition processes have an ALD temperature window,
i.e. a range of temperature over which the deposition remains relatively cgh$e3nt as

shown inFigure 22 (b).3® Within the ALD temperature window, insufficient precursor or
coreactant exposures can result in ursdgurated surface reactions and incomplete deposition

on the substrateFigure 22 (c)).363%373% Additionally, insufficient purging can result in gas

phase reactions, leading to parasitic CVD contributions to the depositiigsre(

2.2 (c)) 34363738
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Figure 23: Schematic of the three most basic modes of-ftim growth by vapour depositiof?

Typical ALD growth starts with nucleation islands and proceeds to form conformal crystalline
or amorphous layefé“4following either of the growth modes illustratedrigure 23.4°While

ALD growth rates (growth per unit time) may be low, often belowlonm min'3* AL D6 s
seltlimiting nature leads to excellent step coverage and conformal deposition even on high
aspect ratio structures, as showfigure 24.%° It may be that some surfaces react before others
due to different precursor gas fluxes, but eventually, identical deposition results on all surfaces

with the same functional groups®®
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Figure 24: Crosssectional SEM image of an® ALD film with a thickness of 300 nm on a Si wafer
with a trench structuré®

A variety of materials, including pure metals, metal oxides, metal nitrides, metal sulphides,
metal selenides, metal tellurides, metal fluorides, and other halides, as melieasomplex
compounds, such as oxytrides, ternaries, and doped materialaye been deposited using

ALD, as illustrated irFigure 25

1 18
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@—T— Symbol B compounds with F
2 Pd ‘Compounds with N 1 S 1 4 1 5 1 6 1 7
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Compounds with S
Compounds with Se Ne
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been grown ather elements — IS

7 M W= B &1
Lanthanoids |la M| ce |Pr Pm
[ ] | | | |

Figure 25: Database of ALD processes in AtomicLithits.

xi Atomic Limits. Database of atomic processes [Internet]. 20d@:10.6100/alddatabase
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Reactions that are not possible with thermal energy can be effectively driven by incorporating
plasmaenhanced ALD (PEALD}**>3738n PEALD processes, energetic plasma spemies

used as the coreactarihstead of mere reactant vapours, which help achieve the desired
depositiorf4,35|37|38,46

Overall, ALDOGs unp aleval contmll witd excelfemt eonformadity andh t o mi ¢
versatility in depositing a broad range of materieés)enable a rational bottomp approach

to implementing strategies discusse®in.3 ALD processes havbeen established on flat
substrates for over 5 decagesth significant progressn transferringonto powder substrates

over the last 2.5 decadéhe development of reactor concepts for powder AL haen

discussed ire.5).3%%® The following sectionreviews the literature onadvanced catalysts

prepared using\LD.
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2.4ALD for Next-generation Advanced Catalysts

2.4.1 Early Development in Using ALD for Catalysts

To use ALDfor nextgeneration catalysts, the ALD prosekevelopedn flat substrates had

to be transferred onfgowder particles. n 199 7, Dr Tuomo Suntol aods
Finland) research group was the first to modify catalyst supports usind"/ALlizy deposited
various metal oxides, such as titania using 7&d HO or Ti(OPrk and air, zirconia using

ZrCls and HO, and chromia using Cr(aca@nd air, onto silica and alumina suppdft¥hey
observed deviations from ideal ALD behaviour, such aslimear growth with the number of
cycles, loss of the ALDiemperature window, different deposition amounts on different
supports, higher than expected depositions for the number of cycles employed and non
conformality in deposition$’ They attributed these deviations to differences in the processing
conditions and in the mechanisms of interaction between the precursor and.$upport

El amés group at Argonne National Laboratory
catalytic applications from 2000 to 20i%° In one of their studies, they deposited
ZnOcoatings on two similar catalyst support silica gels (manufactured differently) using
diethyl zinc (DEZ) and kD in a statiebed reactor saip (reactor setips discussed ir2.5).4°

They used precursor exposures of 880 achieve surface saturation, but observed deposition
of metallic Zn along with ZnO at growth temperatures of IG®200°C,* although the
temperatures were within the ALD winddMn another study, they deposited V@herefio
denotes mixed valence state of metal anodic aluminium oxid@anoliths using vanadium
oxytriisopropoxide (VTIP) as the vanadium precursor, and a mixture of hydrogen peroxide and
water as the coreactatft They observed that the VGALD-modified (:18 ALD cycles)
nanoliths showed ~2 to 5 times higher specific activities than the nanoliths impregnated with
VOy in the oxidative dehydrogenation of cyclohexdfim a growth study, they deposited 0.7

to 3 nm size metallic Pt particles 8nTiOs (001)nanocubes by employirfigto 5 ALD cycles
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of (methylcyclopentadienyl)trimethylplatinum(lV) (MeCpPtdeand oxygen Kigure2.6).>°
They observed that the Pt growth rate was higher than expected on &n@liGuggested that
the nanocubes likely catalysed the reaction of the MeCpPpkéeursor, and that Pt surface

diffusion plays an important role in the nucleation process

Figure 26: SEM images of Srki@01)nanocubes (a) before and (b) after coating with Pt
nanoparticles using three Pt ALD growth cyeéles

2.4.2 Recent Advances: ALD Catalysts for Renewable Feedstocks

Research on using ALD for catalytic applications gained momeaften2010°%? Within the

scope of this PhD, case studies were conducted on publications that used ALD in the synthesis

of catalysts for renewable feedstocks and energy applications, with a focus on documenting

() the materials used, (iihe number of ALD cycles impheented (loading), (iiileviations

observed from ideal ALD behaviour, (igatalytic performance (activity and/or selectivity),

and (v)mechanistic insights.

ALD6s incorporation into renewabl e catalysi s
asillustrated inFigure 27:5%58

(1) Deposition of mgle-atom catalysts (SACs) on supports

(2) Deposition of catalytic metal nanoparticles on supports.

(3) Deposition of alloy and Bi mu | t i metallic catalysts on sufr

(4) Depositing metal oxide shells over existing catalysts to modify thieirfaces.
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(5) Deposition oimetal oxides and mixed metal oxid=galytic flmson supports.
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In this category, studies that reported the use of ALD to synthesise-atngiecatalysts

(SACs) for renewable applications were reviewed.

Sun et al. presented the first groundbreaking study of synthesising SACs using ALD ¥ 2013.

They used MeCpPtMend oxygen to deposit Pt SACs onto graphene nanosheets (GNS) at

250°C for renewable energy applicatiotisThey successfully deposited isolated single Pt

atoms (<Inm) using 50 ALD cycle®® They observed the occasional presence of

subnanometesized Pt clusters {2 nm) along with SACsHigure 28).>° The size and density

of Pt clusters increased when the number of cycles was increased to 100 afigut&ng).>°

They observed up to 10 times higher catalytic activitglectrocatalytianethanol oxidation

with Pt SACs than with statef-the-art commercial Pt/C catalystsFurther analyses revealed
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that the lowcoordination sites and partially occupied 5d orbitals of the Pt atom&D-
prepared catalystsvere responsible for the exceptional electrochemical perforn?énce
However, under the reaction conditions, Pt atoms diffused and agglomerated to form Pt
nanoparticles, which was attributed to weak bonding between Pt and.arbon

In follow-up work, they deposited Pt SACs and clusters on nitrogged graphene
nanosheets (NGNSs) to ensure strong interaction between the deposited Pt and the support for
hydrogen evolution reaction (HER) applicatiGA3.hey found that the mass activity (activity
normalised to Pt loading) in SACs prepared with 50 and 100 ALD cycles was 37.4 and 29.6
times higher than commercial statbthe-art Pt/C catalysts, respectivély.Their work
demonstrated ALDOGS capabil ity alaitilisationhin e v e

renewable applicatiorfS.
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Figure 28: HAADFSTEM images of Pt/GNS samples. (a, b, c) present the results with 50, 100, and
Mmpn !'[5 OeO0fSaxy NBaLSOA@Stes YR ol QY 6Q 0QU 3
each figure shows the corresponding histogram of Pt on®NS
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2.4.2.2 Synthesis of Catalytic Nanoparticles by ALD

Under this category, studies using ALD for the synthesis of supported active metal
nanoparticles for renewable applications were reviewed.

Wei mer 6s group deposi tOedglippditiparticlesrandpeealudted theéire s o r
catalytic performance in the dry reforming of methane (DRM), a crucial process for converting
greenhouse gases (¢ihd CQ) into valuable synga®.They prepared the Ni catalysts using

1 ALD cycle ofbis(cyclopentyldienyl)Ni and Hfor a loading of 4.7 wt%. They observed that

the ~2.4nm Ni nanoparticles were well dispersed opQlsupports? They also prepared Ni
catalysts byvet impregnation with a loading ofv@% (~17nm-sized Ni particles) to enable a
comparative catalytic study

A higher CH reforming rate (normalised per gram of material, reaction at°6pQvas
obtained with the ALBprepared catalysts than with the virepregnated catalyst, as illustrated

in Figure 29 (a).%! After the reaction, Ni particle sizes in the AlfDepared catalysts increased

from ~2.4nm to ~9.4nm, suggesting agglomeration of Ni particles under the reaction
conditions®* TEM imaging of the ALDprepared catalysts after i2of DRM revealed thin

carbon deposition on the active Ni particles, as shovfigine 29 (c).5* The reduction in the

DRM conversion rate with time for the ALD catalysi&g(re 2 (a)) was attributed to the
progressive agglomeration of Ni particles and deposition of carbon on®iiEne DRM
conversion rate for wet impregnatedtalysts (although lower than that obtained for ALD
catalysts) remained relatively constant overh3® the streari' However, when the wet
impregnated catalyst was observed under TEM after 36 h, carbon whiskers were observed on
the active Ni particles, as shownHigure 29 (b).%! Investigations using a range of active Ni
particle sizes suggested that the amount and mode of carbon deposition depended on particle
size, i.e. relatively less carbon was deposited on smaller active pattithesonclusion,

catalysts prepared by ALD demonstrated superior catalytic perfortflance
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Figure 29: (a) DRM reforming rates as a function of time for Ni IW and Ni ALD catalysts & 600

Both porous and nanosphere®@d supports were used for the Ni ALD catalysfsTEM image

showing carbon whiskers on the Ni IW catalyst supported on porgsafler 36 h onstream.

(c) TEM image of Ni ALD catalysts on nonporop@:Al LIKSNE & F FGSNI 1% K 2F 5wa
2.4.2.3 Mult-Metal Catalysts by ALD

Publications that used ALD to deposit alloys, #nd multimetals for renewable catalytic
applications have been reviewed here.

We i me r 0,swhogsynthesised Ni nanoparticles using ALD2i#.2.2 also synthesised
bimetallic NPt catalysts to overcome the limitations of monometallic Ni catalysts in DRM

processe$! They deposited Pt on Ni catalysts fr@m.2.2using 1 ALD cycle of MeCpPtMe

and H, which resulted in a deposition of afin-sized Pt particle$ The precise addition of Pt
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by ALD onto the Ni surface increased the average DRM rate at most by a factof'orie7
formation of coke was dramatically suppres$ed@ihe researchers attributed this enhanced
resistance to carbon deposition to Pt's ability to facilitate the formation of surface oxygen
species (O*) from Cedissociation, which oxidise the carbon deposits before they accumulate
on the catalyst surfa® The Pt atoms also modified the electronic structure of the Ni active
sites and lowered the activation energy for both methane dissociation arat@tion®*
Furthermore, the addition of Pt also stabilised the Ni nanoparticles against sintering ender th

DRM reaction condition&!

(111)  (100) B

(111)

DRt R A

PtCoPtPt

PR

Figure 210: TEM images of AL-preparedcatalysts®

34



Sairanen et al. used ALD to synthesisé€Btcatalysts on carbon supports for renewable energy
applications, such asethanol oxidation and oxygen reduction reactfSihey used Pt(acac)

as the platinum precursor and Co(agas the Co precursét They varied the ALD cycle
sequences of the metal precursors (without any coreactants) to synthesiseetélln
catalysts, namely Pt, PtCo, PtCoPt, and PtCoPtPt, as shofiguie 210.5 When Co was
deposited after Pt, it formed a-&dre and Ceshell structure (PtCo) {& nm particles), which
demonstrated superior catalytic performance compared to the monoatomiprép@red Pt
catalyst (33.5nm particlesf® The addition of Pt cycles on the PtCo catalyst yielded PtCoPt
and PtCoPtPt catalysts with a narrower size distributie®.§hm particles) and increased
durability (over time), but their activity reduced dramatic&fifhe reduction in activity was
attributed to the partial coverage of the Co particles and a decrease in the Pt:Ed hatg)

the deposition sequence of the metals significantly influenced the active particle sizes and

catalytic performance.

2.4.2.4 Engineering Catalytic Interfaces with ALD films

Studies that used ALD of metal oxides to modify the catalytic interfaces were reviewed next.

(a) (b) (c)

Figure 211: Schematics of thermally stable Pd SACs synthesised using ALD. (a) Depositing Pd(hfac)
on AbG; substrate, (b) creating nanocavity structures using AKD, and (aemoving-hfac ligands
using formalirf*

The researchers in EIl amds -pgepaccd metat SAC® gdi sed
nanoparticles show remarkable catalytic performance, they tend to agglomerate under reaction
conditions, losing their unique catalytic properties, as discusszd.inland2.4.2.2% They

attempted to mitigate the challenge by using ALD to nanoengineer protective thin film
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structures on active particl&sTo synthesise stabilised Pd SACs, they first exposed #@s Al
catalyst support to Pd(hfagthen executed 1 to 14 Ti@\LD cycles (using TiCf and HO)

and followed that with exposure to formafth This resulted in the formation of TiO
nanocavities between Pd SACs, as illustratdtigare 211.%* TiO, was chosen because it offers

a strong metal support interaction, especially under reducing reaction conditions at
temperatures above 20GQ.%

To evaluate the thermal stabilisation as a function of the number efctyales, the catalysts
were calcined at 300 °C in &t No agglomeration of the Pd atoms was observed in catalysts
coated with 14 Ti@ cycles, while aggregation persisted in those coated with 7 cgales
calcination®* But the size of agglomerates formed in the catalyst with 7 Ti@les was
smaller than that formed in the catalyst with no J@§cles® Thus, the stability of Pd SACs

was concluded to change dramatically with the thickness of thetfil®film .
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Figure 212: Methanol conversion as a function of ALD,T§&les in the methanol decomposition
reaction, with error + 10%

Evaluation of the catalysts in the methanol decomposition reaction revealed that the activity

varied with the number of stabilising Ti@ycles, as shown iRigure 212.54 A drastic drop in
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the activity was observed for the catalyst coated with 14 &yOles, whereas 95% methanol
conversion was obtained with the catalyst coated with 7 c§tTEsese results suggested that
7 TiO2 cycles maintained a balance between stability and activity

Through further analyses, they interpreted that thesEittdcked thehfac ligands, which had
stabilised the Pd atoms on the:®4 surface® They hypothesised that using a milder ALD
precursor could deposit protective nanocavities without attackinghtae ligands, possibly
enhancing the stabilitgctivity balance of SAC¥

In another stud§® they added AJOs overcoats on impregnated Pd nanoparticlestfd) using
10-30 ALD cycles of TMA and KO. They evaluated the resultant catalysts for the conversion
of bio-derived furfural to furan (a renewable feedstock conversion reatidtijher furan
selectivity was observed for Al-Doated catalysts than for uncoated cataRrdtéoreover, the

furan selectivity increased with the number of ALD cycles, as shoWiyime 213.5°
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(o) COC:t atio = 190 °C
stes 2 304  30C
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Figure 213: (a) A schematic model of A% deposition at low coordination sité3(b) Gasphase

hydrogenation of furfural. Furan selectivity for each catalyst is plotted versus furfural hydrogenation
conversiorf®

Investigations revealed that 283 preferentially deposited on lewoordination Pd edges,

which decreased the availability of edge sites for reatias illustrated irFigure 213 (a).>°
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Hence, the enhanced selectivity with the number of ALD cy€lgsre 213 (b)) was attributed

to an increase in the terrateedge ratio of the Pd active sifés

) Uncoated (b) 100-mg ALD-coated

Pd Pd

Figure 214: STEMEDX maps of Pd nanoparticles on the thermally treated 0.5 wt% PR d&telysts
when @) uncoated andk) ALDcoated with 100 mg of ADs.18

A similar modification of the impregnated Pd catalyst (0t% Pd/TiQ) using AbO3z ALD
was demonstrated by Settle ef&They used the catalysts for the {hiased production of
adipic acid (from muconic acid§ They observed that even w% Al.Oz by ALD reduced
Pd sintering in the harsh, muconic acid hydrogenation environment, as shigurén214.8
Moreover, Pd leaching progressively decreased with increaspi déposition, enhancing

the durability of the catalyst34ble 21).18

Table 21: Conversion Activity and Pd Leaching by Uncoated andCahi2d 0.5 wt% Pd/TiO
Catalysts during Partial Conversion TOS Muconic Acid Hydrogenation Reéctions.

Catalyst MA Conversion Leaching (ppm) Leaching Rate (ug h ")
Rate (gma Geat  h™')

Uncoated 9+2 1.4 £ 0.7 0.32

100-mg ALD-coated 4 +1 0.3 £ 0.1 0.07

10-g ALD-coated 11 +3 0.08 + 0.04 0.02

100-g ALD-coated 12 + 3° 0.05 + 0.01 0.01
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Kim et al. also used metal oxide ALD coatings to prevent sintering and suppress coke formation
in DRM catalysi® In their work, they synthesised ceshell catalysts by depositing Ti@nd
MgO shells by ALD using TTIP andJ® (20-30 nm with 500 cycle}®’ and Mg(CpE® and
02 (20 nm with 200 cycle}®® respectively, on conventionally used Ni particles §«11), as

shown in Figure 215).

Figure 215: TEM images of (a) TiMi particles and (b) MgO/Ni particles prepared by applying 500
and 200 cycles of ALD, respectivély.

These structures demonstrated exceptionakteng stability in DRM reactions &00 °C with

high initial activities and prevented the sintering of Ni particles in ¥ Coke formation

on TiO,-coated catalysts persisted, though it was lower than on bare Ni catai@stshe
contrary, no coke was formed on MygDated catalyst€ Although 500 and 200 ALD cycles

of TiOz and MnO, respectively, should result in conformal coattéfshey hypothesised the
presence of cracks in the ALD coatings and attributed the catalytic performance to them, as

illustrated inFigure 216.5558

cn, % cH, CO:
‘4 ' . ‘ \’ coke
P FO

Ni i

Figure 216: Schematic of the various deactivation behaviours during EPRM.
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Niko et al. used A0z ALD overcoats (using TMA and #D) to engineer the catalytic interface

of incipient wetness eonpregnated C@tS i -Al 203 catalysts in FischeFropsch catalysié:

The coated catalysts were annealed at°42(h an inert N atmosphere to createnoscale
porosity in the AlOz overcoats through which the reactants were presumed to access the active
sites during reactioft The thermal treatment caused the ALD coatings to selectively occupy
high-energy, lowcoordination sites (similar to the illustration Figure 213(a)), which
effectively prevented sintering of the cataly$t¥heir investigations revealed that the nature

of the active sites was modified by ALD, promoting strong bonds with the CO species in the
FischerTropsch conversion reactidhA positive effect on catalyst activity was observed with

35 ALD cyclecatalyst without compromising selectivity towards heavy hydrocarfons

2.4.2.5 Metal Oxides and Mixed Metal Oxides as Primary Catalysts by ALD

Studies employing ALD of metal oxides to synthesise catalysts for renewable applications were
reviewed in this section.

Wei mer 6s group synthesised mixed metal oxide
energy application& They carried out F®s; and CoO ALD cycles using ferrocene and
cobaltocene as the metal precursors and-pigity oxygen as the coreactdhtl CoO cycle

was performed for every two K&; cycles on ZrQ support particles, such that the resultant
deposition was a mixed oxide of CeBa.”? A 37 wt% loading, resulting in ~2.8m-thick
Cosde.1504 crystalline film, was achieved after a total of 50 ALD cycles, as shovwFigaré

2.17).72

40



Figure 217: HRTEM images showing crystalling e 1504 film on ZrQ particles.”?

They al so us ed-FeG/DO; catalysts (Zmmd rhe &0z film) for a
comparative catalytic study Both catalysts exhibited substantially fasterprbduction rates
at 600 °C than any reported in the literatufigre 218).”? This observation was attributed to

the stability and high surface area of the active sites in-ptdpared catalystg.
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Figure 218: Peak Hrates of ALEprepared catalysts as a function of temperature compared to those
documented in the literaturé.

Upon regeneration, the totab Mield remained high (~4000 m ayt") for up to 7 investigated
cycles for the Cesde1404 catalyst’? In contrast, the total Hyield was reduced from
1760¢ mayt to 835¢e mo It oger 7 regener at-FeOn catalysi | e s
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Investigations revealed that §gFe.1504 formed a Co/Fe alloy during the reduction
regener at i on-FesQs;fermed Fedit Hehoe, the superiar catalytic performance

was attributed to the synergic effects of Fe and“Co
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2.5 Reactor Concepts for Powder ALD

Establishing controlled, selimiting ALD on powder substrates presents many practical
challenges compared to ALD on planar substré&¥°°2 Firstly, surfacesaturated reactions

need to be ensured on high surface areas of powder particles. This requires sufficient exposure
of the powder particles to the reactants in each ALD half cycle. Next, the excess precursor
molecules and byproducts shdile completely purged from the highrfacearea particles to

avoid gasphase reactions and CWike contributions to the depositions. It is also important

to prevent significant powder loss into the reactor during deposition, which requires carefully
cortrolled hydrodynamics while executing the ALD cy@veral reactor concepts (discussed

in the following sections), such asaticbed*®’’ fixed-bed’%3" rotary,”"88%92 fluidised-
bed®>797787.74 pylsedbed® and spatialreactor’®® have been employed to addresssthe

challengesind enabl@&LD on powders

2.5.1 Static and Fixed Bed Reactors

In both static and fixetbed reactor concepts, the particle bed remains stationary, and precursor
seeps or flows through the gaps between the patfitie¥ In the static bed reactor concept,

the precursors and gases are flown laterally, while the powder is held in a metal crucible, as
shown inFigure 219 (a).”®*° The fixedbed reactor concept includes a vertical tube reactor, in
which gases flow through the powder bed from top to bottom, as shokFiguie 219 (b).”
Particles of different sizes and shapes can be easily coated in both static abédixedctors.

The static bed reactoelies entirely on molecular diffusidfl In contrast, purge gas helps the
flow of precursors in a fixetded reactor, potentially increasing contact between reactant gases
and solid powder particl€s Longer residence times can be ensured in shaticreactors,
whereas precursors may reach the pump without reacting with the powder badmistries

with a low sticking coefficient in fixedbed reactor$”’>"> Neverthelessgradient depositions

along the thickness of the powder bed have been reported for both reactor concepts, attributed
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to inadequateliffusion of precursor molecules in stationary bé&¥< Therefore, the amount of
powder that can be coated efficiently in every batch using the static or fixed bed concepts
remaindow compared to the other reactor concepts. It is also challenging to uniformly deposit

on porous, cohesive, and agglomerated particles using both static anebdteaactor

conceptg?®7®
Forced Flow through
(a) (b) Zero Point Position
To Balance
Connection
Electromagnet I
Powder Fixture reactant gases L Permanent [ |
= Magnet
Gas Flow in —
—
Sample Container
set down to
sealed Support T
Bypass Free Flow __|
of Gas through Sample )

PONO (O
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Figure 219: Crosssectional schematics of (ajatic bed reactqf® and (b)fixed-bed reactor (with
magnetic suspension balancé)

2.5.2 Rotary Reactors
A rotary reactor concept, widely used in powder ALD, implements mechanical agitation of the

powder to achieve uniform precursor exposure of all partiété$%92xii A typical rotary

Xii Altvater N. The design and fabrication of an atomic layer deposition reactor for coating powders. Honors
Thesis [Internet]. Honors College, 286; 2017. [cited 2022 Jun 6]. Available from:
https://digitalcommons.library.umaine.edu/honors/286

44



https://digitalcommons.library.umaine.edu/honors/286

reactor consists of a cylindrical drum with porous walls, rotated by a magnetically coupled
feedthrough inside a vacuum chamber, as showigime 22082078V Thjs reactor concept is

more effective for uniformly coating cohesive, porous, and corrgiexctured powders
compared to the static and fixed reactor concepts, as mechanical tumbling of particles during
static precursor exposures improves precursor corilme and usage, while mitigating
diffusion limitations®®°®"&" Tumbling depends ogravitational, buoyancy, centrifugal, fluid

drag and van der Waals forces acting on the parti¥lence,it is challenging to coat nen
homogeneous powders using a standard flow rotary reactor, as forces of different magnitudes
may act on their particles, resulting in Aromiform exposure and subsequent {umiform
depositior?® Further, the inclusion of bearings, seals, and magnetic couplings in a rotary
reactor introduces potential maintenance challenges, increasing operational cost compared to
simplerstatic/fixedbed designé® Large quantities of powders have been demonstrated in the

literature to get effectively coated using the rotary reactor cof2Est

Magnetic
Feedthrough

Access Door

I Baratron

Particle
Canister

Mechanical
Pump

Gas A

Figure 220: Schematic of the rotary reactor for powder ALD

v Altvater N. The design and fabrication of an atomic layer deposition reactor for coating powders. Honors
Thesis [Internet]. Honors College, 286; 2017. [cited 2022 Jun 6]. Available from:
https://digitalcommons.library.umaine.edu/honors/286
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2.5.3 Fluidised Bed Reactors
Fluidised beds, which are widely used in powder processing technology, have been adopted to

8579715283 Collaborative research led by Alan W. Weimer and

enable ALD on powder¥:
Steven M. George at the University of Colorado has been at the forefront of employing this
concept for powder ALI*958587xv A fluidised bed concepgmploys an upward flow of the

inert carrier gas through the powder S8 as shown irFigure 221.52 As gas flows through

the powder bed, frictional forces and the p
reactor columr“"i' The resulting pressure drop is high enough to lift and suspend the solids

at the minimum fluidisation velocity i{~1-10 cm/s), where the upward drag force on particles
matches the downward gravitational faf¢&"" For velocities higher thanwithe bed material

no longer falls back as it is entrained out of the rea®d Usually, filters are placed at a

sufficient height to ensure particle recirculation and avoid the bed from getting dépféted

This reactor concept maximises contact between precursors and particles, facilitating optimal
precursor utilisatiof’ %4857 Porous powders and powders with complex morphologies can be
uniformly coated in fluidised bed reactors by using velocities abayeghuough vigorous

particle mixirg.>* When fluidising powders containing nanometer or-slutrometersized

particles, hydrodynamics can cause the formation of dynamic soft agglomerates in which
particles continuously exchange between aggregates, enabling uniform precursor exposure of

all particles™ However, as hydrodynamics in the reactor depemdparticle size, density,

roughness, shape, and homogeneity, it needs to be optimised for different particle

*Groner M. Final report: Novel Atddated nanoparticle anodes for enhanced performance lithiom

batteries [Internet]. U.S. Department of Energy; 2009. [cited 2024 May 8]. OSTI ID 1105907. Available from:
https://www.osti.gov/search/semantic:1105907

xi Altvater N. The design and fabrication of an atomic layer deposition reactor for coating powders. Honors

Thesis [Internet]. Honors College, 286; 2017. [cited 2022 Jun 6]. Available from:
https://digitalcommons.library.umaine.edu/honors/286

i Abdelgawad B. Designofaga®2 f AR Ff dZARAT SR 0SR NBIFOG2NI 4 KAIK GSY
Thesis [Internet]. Montréal: Ecole Polytechnique de Montréal; 2013. [cited 2022 Aug 22]. Available from:
https://publications.polymtl.ca/1083/
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system$288Vil |Improper hydrodynamics carausesemipermanent agglomerates of cohesive
powders or fine particles (especially <4.0mr result in rat holing through the powder bed,
i.e. gas flows through vertical channels in the powder bed without fluidising the p&ifeR¥t

Incorporating mechanical aids such as vibrating motors, stirrers, or baffles can help with

mixing of powder bed®"’"’* Forge Nano is one of the manufacturers of Higloughput

P o

commercial fluidiseebed ALD reactorg™

Freeboard
Powder
Bed height particles
1 Gas
distributor

Gas flow

Figure 221: Schematic of the fluidisened ALD reactor

2.5.4 Pulsed Bed Reactors
The pulsed bed reactor concept is a design that incorporates intermittent fluidisation while
maintaining a static bed otherwise, as showfigare 222.8897%8 This eliminates the need for

continuous fluidisation, reducing gas consumpffoii 8 Initially, a static bed ominimal

il Altyater N. The design and fabrication of an atomic layer deposition reactor for coating powders. Honors
Thesis [Internet]. Honors College, 286; 2017. [cited 2022 Jun 6]. Available from:
https://digitalcommons.library.umaine.edu/honors/286

X* Forge Nano. PROMETHEUS. Brochure [Internet]. Thornton (CO): Forge Nano; [cited 2026 Feb 19]. Available
from: https://www.forgenano.com/archivesite/wgcontent/uploads/2025/03/PROMETHEO® e Pager2025

v1.pdf
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particle motions maintained witmoAdow gas flow. A short gas pulse is then introduced along
with the precursor. This sudden change in pressure fluidises the powder bed, allowing uniform
exposure of the precursor to all particles. The particles settle again after the flow, ensuring
sufficiert contact time for surfaesaturated reactions to oc&iiThe bed is fluidised again by

the introduction of pulse/s of inert gas to purge out the byproducts. The process is repeated for
the coreactant. Overall, the pulsed bed concept not only ensurésrmanexposure of all
particles but also provides sufficient contact time between precursor vapours and powder
particles, potentially improving precursor utilisatf§nFurthermore, this reactor concept is
suitable for cohesive powders and powders with diverse morphologies, such as carbon
nanotubes, flowelike microstructures, and irregularly shaped particles, which exhibit poor
fluidisation under continuous gas fI&#?"°® Nevertheless, pulsed bed operation requires
careful optimisation of pulse timingyas velocities and particle loadings to ensure proper
mixing in each fluidisation puls€ Industrial scaling up of the pulsed bed reactor concept lags

that offluidised beds and rotary reactdfs
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Figure 222: Schematic of pulsed bed powder ALD reactor concept, where seéatioaded \, and
\}, valves enable the pulsirf§

2.5.5 Spatial Reactors

A spatial reactor includes separate precursor zowbere precursor gases are delivered
continuouslywith the substrate particles moving through the zones along linear or vibrating
conveyor belts as shown inFigure 223.8%82 This reactor concept achieves much faster
deposition rates compared to conventional reactor systems, as it eliminatesiggumpnd

purge times by separating precursors in spAteAdditionally, since the precursors are only
supplied in the substrate zones, the wastage is effectively retfiiéetbwever, maintaining
effective gas separation, pressure differential, and translation speed requires sophisticated
engineeringo prevent CVDBlike growth due to precursor intermixifgDue to its complex

design challenge, this reactor concept is still in its infancy for coating paffders
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Periodic box model
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Figure 223: Computeraided design (CAD) model of the continuous vibratingtddteactor.°
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2.6 ALD of Metal Oxide

Metal oxides, such as ADs, TiOo, etg are widely used as supports or protective overcoats in
renewable applicationss documented ip.4.24.5646818717262 \Metal oxides ardighly stable

under harsh reaction conditignsncluding high reaction temperatures and aqueous
medig!?010116xx and offer strong metalupport interaction¥%9219 particulary, TiO; is
reported to form a bifunctional catalytic system due to the combination of its Lewis acidity and
the metal 6s .2% H@ miso epistsoip anmotplyous and multiple crystalline
polymorphs, namely anatase, rutile, and brogKfieall of which exhibit distinct surface
properties, electronic structur®$ and acidbase characteristics. Thus, 580s di f f er en't
can be used to achieve different levels of active metal dispersion, thereby tuning the catalytic
performanced® For instance, Shimura et al., who investigated the effect of the phasezof TiO
support in FischeTropsch catalysis, stated that the support witmembban 15% rutile phase
exhibited around four times higher CO conversion than the pure anatasé’pfasebenefits

of TiO2> can be incorporated into the catalytic system by adding thin films of i
controlled manner onto more sustainable, figHacearea supports using ALE® Therefore,

the ALD processes established for Tiere reviewed i12.6.1

Moreover, nonALD -preparedsupported metal oxides and mixed metal oxides, including
VOX,109113,33 MOOX,109112’33'114’115 FeQ(,33'72115 COQ(,72’115 Znox’115 etc, w h e rxﬁedena)'xes

mixed valence state of the metdiaye been demonstrated as effective catalysts in renewable
feedstock productiaf® Hence, literature reviews focusing on the ALD processes gfarnd

MoOy, i.e.,the most used metal oxides in renewable catalysse conducted iR2.6.2 and

2.6.3 respectively. To prioritise webtstablished processes, metal precursors reported for ALD

* Caballero J. Catalyst development and distributed electrified heating in reforming processes for efficient
renewable syngas and fuel production. Doctoral Thesis [Internet]. Stockholm: KTH Royal Institute of
Technology; 2025 [cited 2025 Oct 01]. Availalbdenf https://www.diva-
portal.org/smash/get/diva2:1940497/FULLTEXTO1.pdf
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by more than 5 research groups were documented. Subsequently, coreactants and process

parameters employed for sdilhiting ALD, and GPCs and spectroscopic details of the

resultant depositions were reviewed.

2.6.1 ALD of TIG

ALD of TiO2is a weltestablished process with more than 1000 studies published using various

titanium precursors and coreactamtsillustrated inTable 2.2 asof 2017%°

Table2.2: Number of ALD studidsr TiQ with precursor and coreactagbmbinations?®

Number of Studies

Coreactants: H,O H,0, O, O3 H,0O- Oy~ MeOH HCOOH H;COOH NH; N,O-
Precursors: plasma plasma plasma
Halides:
TiCly 323 7 X 4 X 3 1 X X X X
Tily 4 3 2 X X X X X X X X
TiF, 1 X X X X X X X X X X
Alkoxides:
(TI(O'Pr), 177 12 1 25 2 38 X 1 7 2 2
Ti(OEt),) 15 3 X X X X X X X X X
Ti(OMe), 18 X X 4 X X X X X X X
Ti(O'Bu),) X X X 1 X X X X X X X
Alkylamides:
(Ti(NMey), 90 7 X 11 3 21 X X X X X
Ti(Nety), B X X 1 X X X X X X X
Ti(NEtMe),) 1 X X 1 X X X X X X X
Heteroleptic:
(Ti(O'Pr)5(dmae), 1 X X X X X X X X X X
Ti(O'Pr),(thd), 6 X X 1 X X X X X X X
Ti(OPr)y(CpMe) X X X X X 1 X X X X X
Ti(O'Pr);(N'Pr-Me-amd) 1 X X 1 X X X X X X X
Ti(OMe),;(CpMe) X X X 1 X X X X X X X
Ti(OMe);(CpMes) X X X 5 X 4 X X X X X
Ti(OtAm),(trhd), 1 X X X X X X X X X X
Ti(NMe,),(O'Pr), 1 X X 1 X X X X X X X
Ti(NMe;);Cp X X X 1 X X X X X X X
Ti(NMe;);(CpN) X X X X X 1 X X X X X
Ti(NMe;);(CpMe) X X X X X 2 X X X X X
Ti(NMe,)3(CpMes) X X X 1 X X X X X X X
Ti(NMej,)s(guan-NMe,) 1 X X X X 1 X X X X X
Ti(NEtMe);(guan-NEtMe) 1 X X 1 X X X X X X X
Ti(CHT)Cp) X X X 1 X X X X X X X
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It is beyond the scope of this PhD to review all combinations of precursors and coreactants;
thereforea wellestablished combinatiowith benign byproductsvas selected for reviewe.

of Titanium(IV)tetraisopropoxide (TTIP), anc@.%°

TTIP and HO result in a GP®f ~0.15A/cycle for growth temperatures ranging from 100 to
275°C (ALD window).5%!1® TTIP is typically heated to ~758C to get sufficient vapours for
depositiont%86%116 |ts thermal decomposition beginbave 275°C, resulting in increasing

GPC values with growth temperati$fdnterestingly, different Ti@phases are observed within

the ALD window?®%!'® which is of interest for catalysi®.6). Quasiamorphous films are
obtained at temperatures below 150°%€° A transition into a crystalline phase is observed at
~180°C.%9116 The amount of the anatase phase increases as the temperature rises from 200 to

250 °C, whereas the rutile phase dominates at temperatures 26@9C*9116

2.6.2 ALD of VQ

2.6.2.1Vanadium(lV)tetrakis(ethylmethylamino) (TEMAYV), WEtMe)4

TEMAYV, a metatorganic precursor, is a widely investigated vanadium precursor in ALD
processe$! 126 TEMAV is reported to decompose at temperatures above°@¥8124
Typically, it is maintained at 635°C to generate sufficient vapours for depositfdi?* It is
reported to yield a GPC of ~G®8A/cycle with HO,125118119126 —0 4.1 0A/cycle with

05, 120118121125126 ang ~0.3R/cycle with Q-plasmal’ at temperatures ranging from 100 to
150°C. Reaction with KO and Q results in amorphous \Q@leposition with mixed V/V*°
stateg231191812L125126 \yhereas polycrystalline XDs deposition is obtained with ©

plasmat?+124

2.6.2.2Vanadium(IV)tetrakis(dimethylamino) (TDMAV), YNMe2)4

TDMAV is another vanadium metalrganic precursor investigated for ALD of V&4
TDMAYV is maintained at 606C during deposition to generate vapours for delivéhA GPC
of ~0.30.95A/cycle is achieved with ¥#D,*2"28 and ~0.458/cycle with 128 within a
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temperature range of 80 °C*** TDMAVGdés decomposition was
160°C.128224 TDMAV with H,0 has been reported to yield amorphous ¥ilths with mixed

V*\V*S states?’

2.6.2.3Vanadium(V)oxytriisopropoxide (VTIP), VO(Oi-Pr)3

VTIP, an alkoxidebased metabrganic precursor, is the most investigated vanadium precursor
for ALD in the literature®42%141 VTIP is comparatively easier to handle and exhibits lower
toxicity.*?* Additionally, its reaction with oxidants generates environmentally benign
isopropanal?* Typically, VTIP is maintained at 480 °C to generate sufficient vapours for
deposition31132138141 A GPC range of 0.10.37A/cycle is reported for its reaction with.@

over the temperature range of$00°C 129131132134135138140141 A coyple of studies have also
used VTIP with G**° and Q-plasma**!'” to deposit VQ and observed GPCs of 0-p7/81and

0.7 Alcycle, respectively, at deposition temperatures ranging froml830C. Amorphous
deposition with predominant™¥oxidation states is obtained with®|13-132135140138141134 g4
Oz-plasmat®” while crystalline \4Os (001) phase is obtained withs &813° Musschoot et al.

observed crystalline XDs deposition in the @plasmabased proces$!

2.6.3 ALD of MoQ

2.6.3.1Molybdenun(VI)hexacarbonyl, Mo(COy

Mo(CO) metatorganic precursor has been used as the molybdenum precursor for ALD of
MoOx.24#148 Typically, it is heated at 365 °C to generate vapours for depositidhl48142 |t

has been demonstrated to deposit Ma@h either Q#4142 or a mixture of @and HO 5144

or Ozplasma“6148 A GPC of ~0.480.7 A/cycle is obtained with €0s-H,0 mixturg45144142

while ~0.760.94A/cycle is obtained using£plasma*¢“8when operating within Mo(C@9 s

ALD temperature window of 15772°C. All depositions were amorphous in natéft&!48142
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2.6.3.3Molybdenum(VIbis(tert-butylimido)bis(dimethylamido)Mo(t-BuN)2(NMez)2
Mo(t-BuN)2(NMe2)2, a metal organic precursor, is an extensively studied molybdenum
precursor for ALD process&$*614%157 Typically, it is maintained at 585 °C during
deposition to ensure sufficient vapours for deliv8fy>>14946157 Some studies reported that
Mo(t-BuN)(NMey), is nonreactive with HO,8%15415 while Lee et al. observed slight
reactivity with HO.'' Most studies used either s8°*157 or Ox-plasma as
coreactant§46152153 Using @, a GPC of ~0.D.4 A/cycle is observed at growth temperatures
below 230°C.1%1%6150 The GPC is reported to increase with growth temperattireaching
~2.4A/cycle at 300°C.1>* Depositions using Splasma, conducted over&00°C, yield GPC

of ~0.80.9 A/cycle.f146149157 Amorphous MoQ with a slight sukstoichiometry (M&°) was

achieved in both the £3°41°0156157 and Q-plasmabased process@%?6149150153155
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2.7 Synthesis and Research Gaps

2.7.1 Inconsistent Deposition Claims in Powder ALD

Several studies have used ALD in the synthesis of advanced catalysts for renewable feedstocks
and energy applications (as reviewedit.2). However, some inconsistencies in deposition
claims were apparent, such as higtemexpected GP{ndicating nonrlinear growthor loss

of ALD temperature window when depositing on powdérS the presence of cracks in more

than 10nm-thick ALD coatings suggesting nowonformal ALD on powder8%8 the
formation of nucleation clusters/singg¢om catalysts through several (50 or more) ALD cycles

in some studie®*®° while others used just2 cyclesto get nanoparticles of same matetfals

6350 and the deposition of metal along with its oxide form, indicating a loss of control over the
composition in powder ALD®

Research Gap 1: Investigation into Atomigcale Precision on Powders

Powder ALD studies typically use extended precursor doses and purges to ensure uniform ALD
on highsurfacearea particle$®®> However, no study has investigated the -setklimiting
reaction pathways occurring in powder ALD or elucidated the atsodte precision

achievable on powders.

2.7.2 Mechanistic Understanding in Catalysis

Exceptional catalytic behaviour has been reported for fkEpared or modified catalysts
compared to conventional or statktthe-art norALD-prepared catalysts (as reviewed in
2.4.2). The increased activity, selectivity, resistance to coking, and sintering are attributed to
different mechanisms, such as active particle size depenfféieysynergic effect in muki
metallic system8®°%®° nanccrack accessibility of active specff8®°® preferential ALD
overcoats at loveoordination sitesetc®06!

Research Gap 2Underexplored Mechanistic Insights
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Mechanistic insights into the effects of loading compared with the immediate surface chemical
environments of catalysts remain underexplored. The -aipatom, bottoraup approach

achievable with ALD can be leveraged to enhance mechanistic insights adiicat

2.7.3 Applications of ALD in Renewable Conversions

ALD has been widely investigated in the literature for the deposition of active metals, multi
metals, and protective metal oxide overcoats (as reviewe#in.4, but the research on
employing ALD for active or functional or mixed metal oxides for renewable applications has
been relatively modes#>®®

Research Gap 3Underexplored Catalytidpplications of ALD in Renewable Conversions

ALD can be used to synthesise established active metal oxide and mixed metal oxide catalysts
for renewable feedstock and energy applications. Furtherrm&te) oxide ALD can be used

to modify conventional catalyst supports to enhance rsefgbort interactions, i.e., employing

ALD metal oxide coatings before conventionally synthesising catalysts.
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3.1 Introduction

This chapter has been broadly divided into two parts. The first part of the chapter discusses the
ALD instrumentation and precursor and substrate materials used in the thesis. It also explains
the deposition recipes developed for ALD of metal oxides wihli@t documentation of
parameters for repeatability. The second part of this chapter describes the analytical
methodologies used for characterising the depositions. The instrumental configurations,
measurement protocols, and data processing proceduseesd@umented for each

characterisation technique to ensure reproducibility and statistical rigour.
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3.2 ALD Experimental

3.2.1 ALD Reactor Configuration

All flat and powder substrate ALD experiments were conducted on an Oxford Instruments
OpAL atomic layer deposition reactor. The schematic of the reactor system used in this work

is presented irFigure3.1. The OpAL reactor was equipped with a dry pump and PLC(S)
controlled interface to enable vacuum conditions in the chamber and facilitate ALD process
sequencing, respectively. First, the chamber was evacuated slowly through a narrow tube to
createarougi acuum before switchi ngcudtiantotrehoh alsagest e mo
pressure of ~23 mTorr. This was to optimise the pdimwn process and gradually expose the
substrates (especially the powders) to vaclilie pressure was monitored by a capacitance
manometer placed just below the reactor chamber.

To prevent condensation of the precursors during the process, a temperature gradient was
maintained from the precursor bottles to the deposition chamber. The gas lines to the pump
were heated for the same purpose. precursors and lines are heated udihgeglassheat

jackets whereas the platen, upper and lower chambers were heated individually using
embedded cartridge heatesll temperatures were PkEntrolled, using feedback from
individual thermocouples. The platen temperature was varied frotm 185 °C across the
experiments, while the upper and lower chamber temperatures were varied t@&r280C.

FI at substrates placed directly on the plat

<5 min, irrespective of the temperatures of the u@gmel lower chambers.

P Altvater N. The design and fabrication of an atomic layer deposition reactor for coating powders. Honors
Thesis [Internet]. Honors College, 286; 2017. [cited 2022 Jun 6]. Available from:
https://digitalcommons.library.umaine.edu/honors/286
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Figure 31: Schematic of OpAL ALD reactor.

The OpAL systemsupported the independent delivery of up to four precursors and
corresponding purge lines at any given instance. The pneumatic ALD valve setup from
Swagelok, as shown ifigure 3., was used to enable precise, electronically controlled,
repeatable dosing and purging. ValvesD4 and P1P4 inFigure 3.1were used in this work

for dosing and purging, respectively. Valves S2 and S4 actuated in synchrony with D2 and D4,

respectively, to enable bubbler action.
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While ALD valves have a quick response time of approximately®Dms" the response time

of themass flow controllerNIFC), which controlled the flow of Ar and(ases from their
respective cylinders to the reactor, was at least 100 times slower (moreshhdmé&refore, to
ensure that the MFC turned on during short bubbler doses (lessghahe8E1 valve was used

to bypass the carrier gas for at leasti®imediately before the dosing from the bubbler. The
FILL valve was actuated throughout the recipe to flow Ar gas into the reactor to prevent back
streaming. The O2 valve was used to flow @as into the reactor during plasthased

processes.

System Control

Supply

2/3-Way Solenoid
Pilot Valve

Figure 32: Pneumatic valve control systém

3.2.1.1 Powder Adapter Design and Functioning

The powder substrates were processed in a bespoke powder adapter, dedignsd from

aluminium, with two inverted truncated cone chamberan8thick stainlesssteel disc filter

frits from AmesPore were used at the circular bases of the charrigers 3 (a)). The adapter

was attached to a baffle plate under the rea
in Figure 33 (b). The powder was loaded into the chambers, resulting Binam powder bed

under steady conditions. The gases/precursors entered the chambers from the lower bases,

fluidised the powder bed and exited through the upper bases. This enabled uniform exposure

i Glime WH. How to improve ALD process consistency with optimized process valves and pneumatic control
systems [Internet]. Swagelok; n.d. [cited 2026 Jan 30]. Available fribps://www.swagelok.com/
/media/Distributor-Media/GG/Cambridge/ALD/improvald-processconsistency.ashx
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of all particle surfaces to gas. Fi-3SU2br f ri t
D-30-3, lower fritsSSU25 D20-3) were used during early experimentatien2@.1 and

42222 . Later, the bottom frits were swapped w
20-3) to create a pressure differential in the chambers for adequate fluidisatdon Zi&(iv)

and all subsequent experiments). The adapter and the powder in it were heated by creating an

ovenl i ke condi ti on i singthdphaterd popet andlowerlclmmiderecheaters.

(a) Baffle Plate (b)
Gas fl
af — b Powder
T =) e > adapter
Upper filter frit
e Baffle
Powder chamber plate
Lower filter frit
Bolt
Heated Platen Reactor’s
lid

Figure 33: (a) Side view schematic of the powder adapter, (b) Powder adapter installed under the
NEI O 2NRa tAR®

3.2.1.2 Gas Flow Dynamics

Argon (Ar) gas was used for purging and as an inert carrier gas, dtalmteate for each
purpose was regulated independently via separate mass flow controllers (MFCs). A third MFC
was employed to regulate the flow of @as during plasmbased processe&ases of ltra-
high-purity grade I 99.999%from BOC) were usetb minimisecontamination and ensure
repeatable ALDbehaviour The Ar purge gas flow rate was varied from 0 to 466m
throughout the experiments/ALD recipes. The Ar carrier gas flow rate was varied between 50

and 150sccm as per the fluidisation requirements of the powder systems.
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Figure 34: Pressure variation above the powder adapter as a function of Ar purge gas flow rate.

The reactor pressure and the pressure above the powder adapter were monitored as a function

of the purge gas flow rate (no carrier argas flow) Figure 34). The powder adapter was used

with filter frits of average pore size of 2E¢
OpALGs standard pressure gauge, and the pres
10V range voltageutput pressure tradscer KacTorr CMC series 100Togred through the

side port on t he up pressurecvdriadnifore approximatedy 1#@0e act or
350mTorr as the purge gas flow rate was varied from 50 tcsd0t. However, the pressure

above the adapter, i.e. in the space between the plasma generator and the powder adapter
(Figure3.1) was approximately 1.7 orders of ma g n
Likely, the torturous path of the gas flow through the filter frits led to the building of pressure

above the adapter.

3.2.1.3 Plasma Unit to Enable Plasrtenhanced ALD (PEALD)
A series 50 stainlessteel 300NV hollow-cathode plasma unit from MEAglow, powered by

Seren R301 RF generator operating at 18158, using an AT6 matching univas installed
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on the upper chamber of the OpAL reactor to enable plastihanced ALD (PEALD) on
powders $.2.1-5.2.3. The placement was such that the plasma would strike right above the
geometric center of the powder adapter, at the location ofgregsure buildupg{gure3.1). A
hollow cathode source was chosen to get the plasma to strike in thpréggire zoné. A
mixture of Ar and @gases, with individual flow rates ranging fronbol20 sccm, was used in
the plasma ignition. The £Ar gas mixture flow rate was optimised to 48dcxm for an RF
powder of 200V, whereby the matching unit stabilised the plasfoapacitor positions
optimised a29% for phase matching and 3186impedance matchinglkesulting inareflected
power of 25 W. During the plasmastep,a glowwasobserved through the side watch glass of
the OpAL chambethowever the glow was delayed by aboufl8 s, indicatingan ignition lag
immediately after the power wapplied Theaefore, longer plasma doses of more thars 10

were employed in the ALD recipe3.2.4.2(ii)).

Hollow
cathode

/
A

Sheath——
region T T T
c8le ®6 6 i T T Plasma

e

7

o

_
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Figure 35: (a) Plasma generation with a hollow cathdtle

A hollow cathode has a confinement hole twice the sheath width, where trapped electrons and

ions resonate, creating a higbensity plasmaHgure3.5). The high density increases the

i Butcher KSA. Hollow cathode plasma sources for plasma enhanced ALD and PECVD: properties and
advantages [Internet]. Meaglow Ltd; 2018. [cited 2026 Jan 30]. Available from:
https://www.meaglow.com/~meaglowc/wgontent/uploads/2021/03/Hollowcathodesfor-PEALDBand

PECVD.pdf
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probability of radicals and ions reaching the powder for deposhidhe cathode from

MEAglow, with 5 plasma confinement holes, was used in this work to ensure a consistent,
high-density flux of radicalg’

Despite the implementation of a holla&thode plasma and its optimisation, later investigation

(5249 revealed that plasma species didndét cont
the APEALDO terminology has been retained th

unit was operating during depositions.

3.2.2 Precursor and Oxidant Systems

3.2.2.1 Vanadium Precursor

Vanadium(V)oxytriisopropoxide (VTIP)VO(Oi-Pr) (Figure3.6 (a)), with 98% purity from

Strem Chemicals, was used as the vanadium precursor in this research, based on the literature
review conducted ir2.6.1.1 Based onstructuralbond lengths,the VTIP molecule has a
maximum geometric dimension &6A. This implies that theprecursor will experience

significant steric exclusion during gas diffusion into pores smallerXtmamn.

v Butcher KSA. Hollow cathode plasma sources for plasma enhanced ALD and PECVD: properties and
advantages [Internet]. Meaglow Ltd; 2018. [cited 2026 Jan 30]. Available from:
https://www.meaglow.com/~meaglowc/wgontent/uploads/2021/03/Hollowcathodesfor-PEALDBand

PECVD.pdf
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Figure 36: (a) VO(GPr) molecule! Schematics of (b) a ofleg precursor bottle for vapowdraw
precursor delivery, (¢) an-irouse fabricated twéeg bubbler for vapoupush precursor delivery.

Initially, about 8g of VTIP was filled in a singléeg stainlessteel precursor bottle, shown in
Figure3.6 (b), in a glove box (Natmosphere). As the precursor is delivered by a vagaw
method from a singkeg bottle, and VTIP has a low vapour pressure, the bottle was held at
50°C to generate sufficient vapours for delivery while preventing its decompao’itisilP

was used with kD to deposit VQon flat substratest(2.1). VTIP was delivered by actuating

the D2 ALD valve and was subsequentiyrgeed using Ar gas through the P2 ALD valve
(Figure3.1) (3.2.4.1. Despite heating, multiple VTIP doses (266) were required per ALD
cycle for surfacesaturated reactiong.@.1.]). Delays of at least 4 were introduced between

doses to regenerate the vapdurs
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Hence, to ensure an efficient ALD process of M@ highsurfacearea powders, the amount

of precursor delivered per dose had to be increased. Therefore, a bubbler was fabricated in
house by adapt i nglegstaislesstdelptetursqr bottle a5 thodargees o n e
inlet, as shown irFigure3.6 (c). This bubbler enabled enhanced vapoush delivery of the
precursor, as the Ar carrier gas entered the bubbler and pushed precursor vapours out during
dosing” Approximately 16g of VTIP was filled into this bubbler in a glove box, and the
bubbler was also maintained at ¥D during deposition. VTIP was used with®to deposit

VOy on powders during the development of the powder ALD procek2ia Later, VTIP was

used with @ plasma (PEALD process) to deposit ¥Quring the synthesis of mixed metal
oxide (MoV-Al oxide) catalystsq.2). VTIP was delivered into the reactor by simultaneous
actuation of the D2 and S2 ALD valves and was purged through the P2 ALD migiwe3.1),

as detailed i13.2.4.2

3.2.2.2 Molybdenum Precursor

(b)
Inlet for J} Precursor
carrlergas T] s /delwery port
@ @ l «m@l
Manual Manual
valve valve
Z -"ll&t— Short leg
Dipleg =" <o
* "\ Saturated Ar
+ precursor
vapours
Stainless Steel /w

bubbler \4&

Liquid
precursor

Figure 37: Mo(t-BuN}(NMe>).Mo moleculée® (b) Schematic of a twieg bubbler with one leg
immersed in the liquid precursor for precursor delivery through bubbling action.

V' Cunning H, Williams G, Odedra R, Kanjolia R, inventors;-8ignieh Co. LLC, assignee. Bubbler for the
transportation of substances by a carrier gas. US patent US8272626B2. 2012 Sep 25.
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Bis(tertbutylimido)bis(dimethylamido)molybdenum(VIMo(t-BuN)(NMey)2, from Pegasus
Chemicals, was used as the molybdenum precursor in this RigtkeB.7 (a)), based on the

literature review conducted i6.2.1 About 259 of this precursor was supplied in a stainless

steel tweleg bubbler, as shown Figure3.7(b). Thi s bubbl er had one fAd
into the liquid precursor, through which the Ar carrier gas entered during dosing. The Ar gas
bubbled through the precursor, picking up its vapours and the presatsoated vapours were
delivered intothe eact or t hrough the Ashort | ego of t
deliver higher precursor vapours per dose than those delivered by ygapicar vapourpush
methodsThe bubbler was held at 48, establishing a balance between vapour generation and
precur s o r28sThisspteeutsor Iwast used with, @lasma (PEALD) to deposit
molybdenum oxide (Mog) on powders for synthesising mixed metal oxide {¥t&\| oxide)

catalysts %.2). Mo(t-BuN)2(NMe)> was delivered into the reactor by simultaneous actuation

of the D4 and S4 ALD valves and was purged through the P4 ALD \rtyed3.1), as detailed

in 3.2.4.2(i).

3.2.2.3 Titanium Precursor

Figure 38: Ti(O+Pr), molecue !

Titanium(IV)tetraisopropoxide (TTIP)Hgure3.8), Ti(Oi-Pru from Sigma Aldrich, was used

as the titanium precursor in the thesis, as per the literature review condu&d Based on
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structural bond lengths, the TTIP molecule has a maximum geometric dimensi®AofTis

implies that the precursor will experience significant steric exclusion during gas diffusion into
pores smaller thandm. TTIP was filled (in a glove box) into an-tmusefabricated tweleg

bubbler (shown irFigure3.6 (c)) to enhance the precursor delivery using the vapash
method 8.2.2.). The bubbler was also maintained at°65during deposition to produce
sufficient vapours for delivery. This precursorsmased with HO to deposit Ti@onto high
surfacearea particles to synthesise advanced catalytic suppa1i8.(During this part of the
research, the VTIP bubbler was replaced with the TTIP bubbler in the reactor. Thus, TTIP was
also delivered into the reactor by simultaneous actuation of the D2 and S2 ALD valves and was

purged through the P3 valveidure3.1), (as detailed i13.2.4.2(ii)).

3.2.2.4 Aluminium Precursor

Figure 39: AlMes molecule®?

Trimethyl aluminium (TMA) Figure3.9 (a)), AlMes, from SAFC Hitech, was used as the
aluminium precursor in this worihe TMA molecule has a maximum geometric dimension

of 8.6 A and a planar thickness of 48 making it feasibléo penetrate pores asall as Inm,

abeit subject tonotable diffusion limitatioa TMA was supplied in a singleeg precursor
bottle, as shown iRigure3.6 (b). As TMA has a high vapour pressure at room temperature, the
vapourdraw method delivered sufficient precursor in each #b%eThe precursor was
delivered into the reactor through the D3 ALD valve and subsequently purged through the P3

ALD valve (Figure3.1), as detailed i13.2.4.2(ii).
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TMAOGs high r e a® andOH groupdvas\eaerages ast chemical getter to
suppress outgassing and consume residual moisture from powder substrates. Only TMA doses
(predoses) without any oxidants were incorporated before ALD of the target materials
(4.2.2.3(iii)). This strategy passivated the powder substrates with &g klyer, preventing
subsequent outgassing and enabling-Iseifing ALD of the target 4.2.2.3(iv)). Different
numbers of pra&loses (200000 doses) were used to suppress outgassing from different
powders, based on theiutgassing tendencies, throughout the thesis. To ensure uniform gas
exposure of all powder particles, the powder was agitated evetpsH3 (3dns doses
separated by 56Ms delays). TMA was also used with®to add a single ADz ALD cycle

over all MoV-Al oxide catalysts irb.2.3and to increase the incorporation ob@4 in WAC

in6.2.1

3.2.2.5 Deionised Water as the Oxidant

Distilled water (HO) was used as the oxygen source in the wadeed ALD processes, with

VTIP, TTIP, and TMA for depositing VQ TiOz, and AbOs, respectively. HO was delivered

into the reactor using the vapediaw delivery method from a singleg precursor bottle (as
explainedird.22) t hrough the reactorés D1 ALD valve
P1 ALD valve Figure3.1), as detailed ir8.2.4 As HO has a high vapour pressure at room
temperature, the precursor bottle was not heated.

In addition to depositions, 4@ was used to dissipate static charge buildup in dielectric powders

during PEALD processes.@.1), as detailed i3.2.4.2(ii).

3.2.2.6 Alternative Oxidants

As per the literatur&'® negligible reactivity is reported betwebfo(t-BuN)2(NMez)2Mo and

H2O. Therefore, an alternative oxidant with higher oxidising power was required to realise
MoOx deposition in reaction witMo(t-BuN)(NMez)2. The initial plan was to use ozonesjO

as an oxidant by installing the pog&vned unit from Ozone Tech Systems. However, after its
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preliminary installation, it was discovered that the discharge tube had deteriorated due to its
prolonged storage.

The plan was revised to use Plasma instead. {@as was administered into the reactor
through the O2 ALD valveHgure3.1). An O PEALD process was developed using VTIP for
VOy deposition on powders.1), as detailed ir8.2.4.2(ii). The process was extended to
deposit MoQ (5.2.2 and was subsequently used to synthesis&/Mx oxide catalystsg.2.3).
However, a later study confirmed that plasma did not contribute to the depositions on powders,
likely due to recombination of oxygen atoms, ions, andr@tastables before reaching the
powder particles5.2.4). Hence, depositions on powders during the PEALD proces€e? in

were attributed to thermal facilitation by @as as the oxidant.

3.2.3 Substrate Specifications

3.2.3.1 Flat Substrates: Silicon Wafer

Pieces of virgin tesgrade silicon (Si) wafers, with one side polished 6b@0) orientation,

from Compart Technology Ltd., were used as flat substrates in conventional ALD processes
and as witness substrates in powder ALD experiments. The Si wafers were placed in the middle
of the platen, iFigue3.10@)twith theie polfsied sidp exmoset, fooM® i n
recipe development using VTIP and®in the absence of the powder adapte?.{). For
powder ALD processes (experiments followin@.2), with the adapter in the reactor, the
wafers were placed strategically ift) the powder adapter, in the cavity between the two
chambers, as shown #igure3.10 (b) and (ii) downstream on the platen, i.e., laterally away
from the central axis of the platefigure3.10 (a)). The wafer placed in the adapter was in line

of sight with the gases, precursors and plasma inlet, experiencing maximum precursor flux. In
contrast, the wafer placed downstreatpazienced a reduced precursor flux.

For selflimiting ALD processes, film deposition on Si wafers was expected to be equivalent

in all locations, both with the conventional reactor configuration and with the powder adapter
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configuration. An ellipsometer was used to measure the film thickness on the polished side of
the wafers. Ellipsometry measured a film of£28 A thick on all bare Si wafers, attributed to

native SiQ film .2/

(@) D4

O, inlet/'. .\Precursor

inlets
e
D2

H.O inlet
\Dl
®

Heated platn

(b)

Top /7 Si wafer
filter frit w/ polished
; side shown

VO,-coated

SiO, powder Powder

chambers

Figure 310: (a) Topview schematic of the open chamber of the OpAL reactor, (b) Photograph of the
powder adapter after unoptimized 20 YALD cycles on Siffowder (carried out with the same pore

size R5em) upper and lower frits), showing placement of the Si wafer in the cavity between the

powder chambers.

3.2.3.2 Powder Substrates: &), Si0O, and Coconut ShelDerived Activated Carbon

In this work, ALD depositions were carried out on three powder substrates, includidg Al

SiO; and coconutlerived activated carbon particles, as they are-dost, earth
abundant/sustainable catalyst supports. Before deposition, the powder substrates were

characterised by Ngas adsorption and scanning electron microscopy (SEM), as explained in

sections3.3.8and3.3.4 respectively. The surface area (determined bga$ adsorption) of

89



the powder substrates was used to predict the precursor saturation behaviour. Pore volume and
poresize distribution from Ngas adsor ption were wused to a
accessibility and determine pe&LD pore filling. SEM imaging helped visualise the particle
morphology, size, shape, texture, and aggregation tendency of the powder substrates. Together,
the charadrisations were used to optimise the deposition protocols for each powder substrate.
Approximately 300 mg of powder substrate wasrdy distributed between the two chambers

of the adapter for every experiment. PAED visual inspection of the powder colour was used

as the primary step of validating the deposition process.

3.2.3.2 (i) AkOs

(a) 300 .’..‘-’"O.
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Figure 311: (a) N gas adsorption/desorption isotherms, and (b) pore size distribution {0 Al
powder substrate.
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The AbOspowder (47171.36 Sigma Aldrich), white
and a surface area of 266/g, was used during the development of the powder ALD process.
TypelV adsorption/desorption isotherms were obtained using tlgadladsorption technique

(3.3.9, indicating mesoporosity of this powdefidure3.11 (a)).!® The mean pore size was
approximately 102m (Figure3.11 (b)), suggesting easy accessibility to precursor molecules,

as molecules are about two orders of magnitude smal#ep)( SEM imaging revealed that the
mesoporous powder had irregularly shaped particles that showed no tendency toward
agglomeration, indicating excellent powder flowability and accessibility for precursor

saturation across the entire particle ensentigi(e3.12).

& Pores

Figure 312: Scanning electron micrographs o$@dpowder at different magnifications.

The pristine AlOs powder was observed to outgas substantially under the deposition
conditions (see sectiagh2.2.1 (ii). Later, the powder was anneakt@00 °C for 1 hour in air.

No difference in the morphology was observed on annealing. The annealed powder also
outgassed during the deposition. Henoesuppress outgassing and enable controlled ALD of
the target material, the annealecb@d powder was subjected to 1000-8%3 TMA doses
(seesection4.2.2.3 (ii). Subsequently, a controlled Y@eposition was carried out on TMA
treated A0z particles.

Remote plasma optical emission spectroscopy-QEIS) @.3.1), optical microscopy, visual

inspection, and LEIS3(3.6) were used in conjunction for troubleshooting while developing a
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controlled ALD process for depositing VOn Al,O3 powder using VTIP and #0 (4.2.2.

4.2.2.3.

3.2.3.2 (ii) SiQ

20

16

12

Volume Adsorbed (cm?3g™? STP)

—s=— Adsorption
—e— Desorption

0.0 02 0.4 06 08 1.0
Relative Pressure P/P

Figure 313: N, gas adsorption/desorption isotherms for S@wder substrate.

The SiQ powder (L16985 from Alfa Aesar), white in colour with a surface area of?Ig

was used to validate the watesised ALD protocol developed on the®4 powder. The Si@

powder was later used as a support for the synthesis-6f-Mboxide catalysts (by the PEALD
process). Type Il adsorption/desorption isotherms obtained using shgad\ adsorption
technique suggested that the powder was eithespooous or macroporousigure3.13).18

SEM imaging revealed that the powder had-porous, smooth spherical particles of §.5n

(in diameter), which naturally aggregated into agglomeesat r angi ng from 5
(Figure3.14). A sieving step was conducted before the ALD process to reduce the number of
soft agglomerates in the powder, and the gas flow rates in the ALD recipes were optimised to

minimise aggregation/caking during the deposition proceg22(9.
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Figure 314: Scanning electron micrographs of Spowder at different magnifications.

Like Al20Os, SIQ also outgassed, but as Siaad a relatively lower surface area, only 200 30

ms TMA doses were sufficient to suppress its outgasdizg (4 (i). The SiQ powder was

first subjected to only 5UMA pre-doses, then sieved through an aperture ofel@b, and
subsequently, treated with the remaining TB0A pre-doses before ALD of the target
materials. Depositions on the powder were analysed using LEIS, inelyatoupled plasma
optical emission spectroscopy (ICFES), Xray diffraction (XRD) and scanning transmission
electron microsqoy energy dispersive -Xay spectroscopy (STEMDX), as explained in

section3.3.

3.2.3.2 (iii) Coconutderived Activated Carbon Granules (Washed)

Coconutbased granular (600 to 17Qn) activated carbon (AC) (Chemviron Aquacarb 207C

12x30) wasmechanically ground using a domestic blade grinder and then washed with 50%

v/v nitric acid for 4hours at room temperature with continuous stirring. The grinding reduced

the particle size of the granules to ensure fluidisation during the ALD process washing

removed ash content and metal impurities (mainly Fe, Cu, K, Mg, Na, Ca, S, P, &1 Ni)
from the carbon, whi ch c oalomidscdleapveeise dapositoa.r e d A
The acidwashed particles were rinsed multiple times with distilled water to remove the acid

and were dried at 108C overnight . The dried particles
carbono (WAC) gis.dmandure aniformmfluidisatiors durindh degosition, the
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granules were sieved through a 40/60 mesh to get a particle size distribution between 250 and

425 m.
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Figure 315: Nz gas adsorption/desorption isotherms for washed activated carbon (WAC) granules.

Table 31: N, gas adsorption/desorption isothermal parameters for washed activated carbon (WAC)
granules.

Parameters Value (Adsorption) Value (Desorption)
BET Surface Area (m?2/g) 916.9+£ 3.7 o}

t-Plot Micropore Area (m2/g) 819.3 o}

t-Plot Micropore Volume (cm?3/g) 0.32 o}

BJH Mesopore Volume (:3000 A) (cm?/g) 0.024 0.021

Average Pore Diameter (BET) (A) 16.1 16.1

BJH Average Pore Width (A) 23.7 26.4

Type | adsorption/desorption isotherms revealed the microporosity of \W&@€3.15).2” The
other parameters fromaNjas adsorption, as listed Trable 3.1 suggested an overall surface
area of 916.9n%/g, of which 819.3n%/g was contributed by micropores with an average size
of 1.6nm. Along with micropores (0.3@n%g micropore volume), the granules also had some
mesopores (0.0ém’/g mesopore volume), with sizes 2-3B4nm, indicating thg@resencef

hierarchical porosity. As the sizes of the micropores were comparable to those of the precursor
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molecules 3.2.2), they were presumed to be inaccessible for deposition due to diffusion

limitations and steric hindrance. Therefore, the effective surface area for ALD was

approximately 100n%/g.

(d) 150 [¢] B Spectrum 6
A Wt% o
J 62.8 1.7
a 358 1.6
1000 Si 14 0.2
g d Powered by Tru-Q®
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Figure 316: (a), (b), (cBcanning electron micrographs of washed activated carbon (WAC) granules
at different magnifications showing their varying surface morphologies and (d) energy dispersive
XZay spectrum of (c).

SEM examination revealed that WAC granules exhibit multifaceted, irregular, angular surfaces
(Figure3.16 (a)). Some faceexhibitedhierarchical porosity, suggesting welleserved cellular
morphology duringAC synthesis Kigure3.16 (b)),2%?* while others were relatively smoother

with a few microcracks and poresidure3.16 (c)). Some fragmented and flaky regions were

also observed across particles that could flake off during processing, leaving uncoated surfaces.

Overall, WAC granules possessed a complex network of preeacsessible sites,
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necessitating extended precursor exposure and purge times to ensuressutviated ALD
reactions.

Some 0.& rrsized spherical particles were observed to be entrapped in cracks and pores, as
indicated by arrows irigure3.16 (c). EDX identified those as Si(particles Figure3.16 (d)).
However, silicabased impurities are unlikely to be found in coceserived AC; hence, their
source remained undetermin&DX also detected oxygen along with carbon, suggesting the
presence of functional groups such as hydroxyl, carboxyl, or carbonyl groups on the surface of
WAC.?2% The naturally occurring impurities (Cu, Ca, S) in cocemaged AC were detected
locally, only in trace amounts, validating the washing procetiiife

Outgassing from WAC was suppressed effectively with 500n80TMA doses, ensuring
subsequent selimiting depositions §.2.1.9). PostALD pore blocking was investigated using

N2 gas adsorption analysi8.8.8). Furthermore, depositions on WAC were comprehensively
characterised using thermogravimetric analysis (TGA), SHM, Raman spectroscopy,

XRD, and STEMEDX in 6.2, as explained in sectia3.

3.2.4 ALD Recipes

3.2.4.1 Flat Substrate Recipe

ALD half cycle

i P
i | VTIP Dose Delay r::trlr:or :
i | 250ms g |

.....

One Complete ALD cycle

ALD half cycle

. *
..........................................................

Figure 317: ALD cycle for deposition of M@ Si wafers under standard reactor configuration.
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A multi-dose ALD cycle was developed for deposition of,M@ing VTIP and HO on Si

wafers (standard reactor configuratioR)g(re3.17). VTIP dose was set to 2%0s, and HO

dose was set to 58@s, which were repeated nl1 and n2 times, respectively. Values of n1 and n2
were optimised to 3 and 5, respectively.inl.1 Multiple doses were separated by-sadelay

to regenerate sufficient vapours for delivery and extend their residence\ifiie was purged

for 6's, whereas two purge timess and 18, were evaluated for ¥D in4.2.1.1, of which the

18-s purge was adopted for subsequent deposifidnss, onecompleteALD cycle took about
33s.100sccm of Argas was introduced into the chamber in every step of the ALD cycle. The
Ar flow rate, dose and purge durations were set in reference to the previously established ALD
processes (for different precursors) in the OpAL reactor used in this workfi3 are

deposited using this recipe and subsequently characterigexllin

3.2.4.2 Powder Recipe

(i) Preliminary (Unoptimised)

e,
.

ALD half cycle

VTIP Dose Delay Precursor
" | s00ms Purge
: 10s

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

One Complete ALD cycle

ALD half cycle

: Precursor
: | H,0Dose Delay Purge
: 30ms 500 ms 10 5

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

Figure 318: ALD cycle for the deposition of M AbOs; powder during preliminary experiments
(with the powder adapter in the reactor).

A multi-dose, multipurge ALD cycle was devised to enable deposition on powders

(Figure3.18). The ALD cycle was started after the temperature of the powder adapter was
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stabilised, i.e. after 6in, during which a constant Ar flow of 4&cm was maintained
(4.2.2.9. 500ms 10 VTIP doses separated by delays, and 3ths 5 HO doses separated by
500ms delays were employed to deposit M@ 300mg Al,Os powder (200m%g from
3.2.3.2(i)), using a carrier gas flow rate of 18€cm. Additionally, a 108ccm Ar flow was
maintained during these steps. Both VTIP an@® Mere purged Emes using a 18 Ar purge

with a flow rate of 40&ccm. The purges were separated by fbmping steps during which

no gas was introduced into the reactome complete powder ALD cycle took abounin, i.e.
approximately 9 times longer than the flat substrate recipeim.1

The effective dose and purge durations were based on the study conddcedii(ii). Delays
were used to regenerate sufficient vapours for delivery and extend their residericgltiAre

flow rates, except during purging, were set in reference to the previously established processes
in the OpAL reactor used in this work. The Ar flow variation (both flow rate and duration)
during the purggump cycle Figure3.18) was adjusted to enable a pulsed fluidised powder
bed, as reviewed in5.4 Furthermore, to effectively fluidise the powder during the purge step,
the Ar flow rate was maximised (488cm) based on reactor limitations (maximum allowed

pressure ~1000 mTorr). Depositions using thigpe are characterised4r2.2.2

(if) Optimised

The preliminary powder ALD cycle was optimiseBigire3.19) to achieve atomiscale,

precise depositions based on the results discusgezi2(8 Degassing cyckwereintroduced

after 30min of constant Ar flow during temperature stabilisation, where the Ar flow rate was
alternated 150 times between @@m(5 s) and 5Gccm(10s). These varying Ar flow rates

and durations ensured mild agitation of the powder bed for more efficient degassing
(4.2.2.3(iii)).* The total degassing process took G7iB.

After degassing, ANO TMA dosing cycles were

of 10 30ms TMA doses, separated by a 586 delay and 5 purging cycles. Ther@8 dose
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duration was set according to the previously establishg@eAkocess on flat substrates in the
OpAL reactor used in this work. 10 doses per cycle were used to account for the increased
surface area of powder substrates, while delays were introduced to regenerate the precursor
An Ar flow of 100sccm was used during these stdge TMA purging cycle employed high
(400sccm for AbOz and WAC/200sccm for SiQ) and low (10Gccm) Arflow rates to create

a pressure differential between the purging steps to agitate the powders inJaldestfile
preventing backflow from the pump (as discussed.22.3(i)). However, since no reactants
were used during the TMA dosing cycle, both high andflow purge durations were set to

5 s for efficiency. The maximum Ar flow rate to fluidise Si@as set to 208ccm to avoid its
agglomeration4.2.2.4(ii)). Studies conducted #2.2.3(iii), 4.2.2.4(i), and6.2.1.1revealed that

a total of1L000(N=100), 200(N=20), and 50§N=50) TMA doses were required to effectively
suppress outgassing from o8k, Si®;, and WAC, respectivelyTMA passivation took

approximately92 min for Al>Oz, 18.5min for SiQ, and 46min for WAC.
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Figure 319: Optimised powder ALD cycle with added degassing and TMdopireg (chemical

gettering) cycles. Variables N, n1, n2, m1, and m2 were varied based on substrate characterisation.
Variables (1, d, p p2, N2 and m2) in the Oxidant ALD hajtle were adjusted for different oxidant
sources.

ALD cycles for target materials were used after the TMA dosing cycles. The same cycle
structure was used for both wateased and PEALD processes. The watsed powder ALD
process was used to deposit Mih Al,Oz and SiQ powders using the VTIP precursor4re,

and AbOz and TiG on WAC granules using the TMA and TTIP precursorg.ii1and6.2.2,

respectively. The PEALD process was initially used to depositard MoQ individually on

SiO, powder using VTIP andMo(t-BuN)2(NMez)2, respectively. LaterVOx and MoQ
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PEALD processes were alternated to synthesise a series of mixed metal oxieXMazide)
catalysts on Si@support, as detailed $12.3

In all optimised powder processes, 506 precursor doses separated by @lays were
repeated nl times, where nl was set to 10 for depositions.@3 &hd SiQ and 20 for
depositions on WAC per ALD cycle. These values were chosen to ensure sufficient precursor
deliveries and residence times for ALD on respective powder substrates (based on knowledge
from 3.2.4.2(i) and3.2.3.9.” An Ar carrier gas flow rate of 15€ccm was used during dosing

of VTIP, Mo(t-BuN)2(NMe>)., and TTIP from their respective balbrs, while TMA was dosed
without any carrier gas3(2.2. For watetbased processes, -8 HO doses separated by
500ms were introduced 5 timés2) during depositions on ADz and SiQ, and 10 times (n2)
during depositions on WAC. All precursors angCHwvere purged using the same alternating
high and lowAr flow ratesas previouslysedfor purging TMA.The high and lowllow purge
durations were set to 10 and4,5espectively, and the purge cycles were repeatath8 for
Al20z3 and SIQ, and 12 times for WAC, for all precursors angDHThese values were based
on combined knowledge fro2.4.2(i) and3.2.3.2 A complete ALD cycle tookbout8.8 min

for Al20Os and SiQ and 11 min for WAC. A 100sccm of Argas flow rate was maintained
during dosing, delays, and purging steps.

For PEALD processes, a t=80plasma dose was employed, and the corresponding purging
variables were fixed at1p30s, p=10s and m2=3. Variables d and n2 were set to a null
value(0). Even though the plasma dose/ignition was only s;2the Q(4 sccm) and

Ar (10sccm) gases used in the ignition were introduced into the reactor for an additimnal 1
(before the dose) to stabilise the pressure and ensure plasma striking during thd@osi8g (
The study in5.2.4 confirmed that the depositions on pasvs were not facilitated by plasma
species but rather by moleculas. ®lence, the resultant oxidant dose (moleculgrddring

PEALD on SiQ in 5.2was 1min 20s.0One PEALD cycle took aboutr8in.
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In PEALD (terminology has been retained) processes exceeding 20 &/2lesifds.2.3, a
30-ms HO dose was introduced and purged after every 20 cyclg3.whs purged using
alternating 20@nd 100sccm Ar flow rates for 4 mins. These steps were introduced to

minimise the caking of Sigpowder during depositiors2.1).
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3.3 Characterisation Techniques and Data Analysis

3.3.1 Remote Plasma Optical Emission Spectroscopy-(HFS)

A Gencoa Optix remote plasma optical emissions spectrometeD Sy was installed on the
reactoros foreline to monitor gaseous speci
(4.2.2.34.2.2.3.V This was possible because the sensor's operating pressure rafige, 1E
05mbar, was compatible with the OpAL reactor
a noninvasive diagnostic tool, providing retine feedback on precursor vapours and
byproducts. It sampled a small fraction of the exhaust gas under flowtiooadévery 0.5

and usedthe Ar gas in it to ignite a plasmdahe energy from the plasnfeagmentedthe

precursor molecules in the gas sammich were furtherexcitedand ionigd The excited
fragmentsemitted light of characteristic wavelengths as they reddro the ground state. A

built-in spectrometer separdte¢he wavelengths, and subsequently, a sensor ddtdu

intensities of eacliragment, as illustrated ifigure3.20. The Gencoa Optix software was
configuredto convet the measured emission intensities into tigolved partial pressures,
calledresidual gas analyser (RGA) traces for each selected spéci€H, H, CH, Ar(not

shown here)

The gas sensor was used during the degassing of the powders, and RGA traces were monitored
for OH and C@', indicators of desorbed2B and carbonaceous molecules. Alternatively, it

was used to study the impact of the powder adapter on precursor delivery and residence time,
relative to the standard OpAL reactor. The sensor results were used as a guide to optimise the
powder ALD recipe. Te residual gas sensor was also used to investigate the causes of non

ALD contributions during the development of the powdED process. Overall, the Optix gas

viCox E, Monaghan D, Brindley J, Daniel B, Béllimwzalez V. Process monitoring and control by remote
plasma optical emission spectroscopy. In: 66th Annual Technical Conference Proceedings [Internet].
2023;66:32. Available from:

https://www.svc.org/clientuploads/directory/resource_library/2023 EIS 03 Cox_pptx.pdf
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sensor played a key role in achieving a-8siiting powder ALD on powders. However, the
sensor was removed during sample preparations, as it was progressively coated during the
initial ALD processes, resulting in very low sigratnoise outputs. The ssor was operated
independently by the author in the cleanroom facility at University of Liverpool in

collaboration with Dr Joseph Brindley from Gencoa.
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Figure 320: Spectrum detected by Optix gas sensor for Isopropénol

3.3.2 Ellipsometry

An ellipsometer is used to measure the thickness and refractive index of thin films on a
substrate. It operates by measuring the change in the polarisation state of a light upon reflection
from the samplé€® When a plane polarised light is incident obliquely on a sample, the reflected
light becomes elliptically polarised due to differential reflection of its paraHpb(arised) and
perpendicular (polarised) components. The phase differgnap) a n plitudemagio( & N

of the ppolarised and-polarised light are extracted from the reflected light and fed into-an in

VilCox E, Monaghan D, Brindley J, Daniel B, B&llaltzalez V. Process monitoring and control by remote
plasma optical emission spectroscopy. In: 66th Annual Technical Conference Proceedings [Internet].
2023;66:32. Available from:

https://www.svc.org/clientuploads/directory/resource_library/2023 EIS 03 Cox_pptx.pdf
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built optical model . The instrumentds soft we
thickness and refractive index through iterative optimisation process.

In this thesis, ellipsometry measurements were conducted using a Rudolph Auto EL
Ellipsometer for films deposited dhe polished surface of Si wafefé.It used a white light

source, whose spot was focused on the sample. The reflected light was thentdilarsdre

that a specific wavelength passes throiinghanalysewhile blocking stray light from the room

The positions of both the source and analyser were fixed in geometry at 70° with the normal to
the sampl e. Measurements were conducted at
assess uniformity and measurement repeatability. The measurementintycen film

thickness was determined to b& A through experiments conducted in duplicate or triplicate.

The fil ms with thicknesvsalsudsescsomphaarna bll0eD tjo ri
measurement uncertainty, making it challenging for the optical model to determine the
thickness and refractive index of the films consecutively. In such caseseftactive index

was set to a default value of 1.46 (the refractive index of)Sé&nd only the thicknesses were
determined by the optical model. Characterisation of uncoated silicon wafers by ellipsometry
yielded a thickness measurement of2DA. This was attributed to the native Sil@yer that

forms spontaneously on silicon surfaces in ambient'&iThis was accounted for in the
measurements conducted after deposition. All Ellipsometry measurements were carried out

independently by the author in the cleanroom facility at University of Liverpool.

3.3.3 Xray Diffraction (XRD)
X-ray diffraction (XRD) is based on elastic scattering ofax photons by atoms in the
material. If the scattered monochromatierays are in phase, they produce constructive

interference patterns as per Bragg's law:

Vil University of California, Davis, Center for Nano/Micro Manufacturing. Rudolph Ellipsometer EL2 operating
procedure [Internet]. [cited 2026 Jan 31]. Available frdrips://research.engineering.ucdavis.edu/cnm?2/wp
content/uploads/sites/11/2013/06/rudolphEL2 Operating_Procedure2.pdf
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€ _ CQOE+
Equation 31

where,
> Is the waaysel ength of X
d is the distance between two lattice planes
d is the angl e braysandthennorindl te the refleconmlatticg plaxe
n is the order of reflection
The detector measures the intensity at diff
constructive interference occurs. Every crystalline phase exhibits unique interplanar spacings,
resulting in characteristic diffraction peaks, which serve as ataldingerprints*
Three different XRD instruments were used throughout this work for varying samples. Rigaku
Miniflex ¥ and Bruker D8 were used for characterising<\d@positions on Si wafer and SiO
powder, respectively. Both instruments utilisedGuXy s o ults4® s acao&s a 2d
of 10-60° to study changes in théOx depositions on annealing. Both instruments were
operated with a step size of 0.0Ehd a dwell timeof 8per2 d val ue. The instr
switched because of availability. PANalytical X'Pert Pro MPD, operating with a €y X
source (& & 1.79 i), was used to investigat
deposited TiQon WAC. The Co Xray source was chosen to reduce absorption artefacts and
improve the signalo-noise ratio to increase the possibility of detecting starge order in
the asdeposited TiQ The T@sampl es wer e anal yse® wther t he
increments of 0.0167° and a dwiéine of 8sper2 d v al ue. Tibwltsoftwessesect i v

were used to subtract the amorphous contribution from the diffraction patterns. Diffraction

X Cullity BDElements of Xay diffraction[Internet]. Reading (MA): Addiseesley; 1956. [cited 2026 Jan 31].
Avaialble fromhttps://archive.org/download/elementsofxraydi030864mbp/elementsofxraydi030864mbp.pdf
*Rigaku. MiniFlex. Brochure [Internet]. [cited 2026 Jan 31]. Available from:
https://rigaku.com/hubfs/2024%20Rigaku%20Global%20Site/Resource%20Hub/Knowledge%20Library/Brochu
res/BR_23 MiniFlex Rev0723 226325528 SinglePgsekpdf
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peaks were compared against ICDD databases to identify crystalline phases, and the crystallite
sizes were evaluated using the DeBgherrer formula:

V!

(@) AT

Equation 32

where,

D is the crystallite size

Ksis the Scherrer constant or shape factor (~1.15 for rods)

d is the peak broadening at full width half
& i-ray wAvelength

d is the Bragg angl e.

XRD characterisation was carried out at University of Liverpool. Experiments on Bruker D8
(4.2.2.6(i)) and PANalytical X'Pert Pro MP®.2.5 were conducted under the supervision of

Mr Richard Feetham at Matersalnnovation Factory, while those on Rigaku Miniflex
(4.2.1.2(i)) were conducted independently by the author at the Materials, Design and

Manufacturing Engineering Department.

3.3.4 Scanning Electron Microscopy with Ener
EDX)

Scanning electron microscopy combined with energy dispersixagy X$pectroscopy (SEM

EDX) is a characterisation technique that combines-tegblution imaging with elemental
analysis?® SEM uses a focused electron beam-@D%V) to scan a sample and generate high
resolution topographic images of the sampl ed
backscattered electrons as a functbheammlsoof t he
excites the atoms in the sample, which produce charaitetisdys on deexcitation. The X

ray energies are measured to yield quantitative elemental data, which are displayed as EDX

spectra and/or elemental maps overlaid on the SEM images.-Téesfgnal originates from
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a roughly tear drop shaped interaction vol
surface, depending on accelerating voltage and material d¥r8EM typically achieves a

~5nm | ater al resolution, wmifle EDXds | ater al
SEM-EDX analysis was conducted throughout this thesis using either the JEOL JSM 6610
SEM orthe JEOL JSM 7001F FEGEM instruments for flat samples and powder samples,
respectively. Both instruments were equipped with EDX detectors and Aztec software for
chemical compositional analyskor analysis, the samples were mounted on SEM stubs using
adhesive, conducting carbon tape or tabs. The accelerating vokaQ&\{3, probe current (4

8 A) and working distance (34 mm) were optimised to prevent excessoarging of the
samples, balance image contrast, and ensure robust EDX signals. Secondary (8lEgtron
imaging was used to study topographical contrast, while backscattered e[B&E)rimaging

was used to analyse compositional contfaBDX elemental mapping was performed for
selected samples. All SEEDX analyses were carried datlependentlyoy the author at the

SEM shared facility at University of Liverpool.

3.3.5 Scanning Transmission Electron Microscopy Energy Dispersivea)X Spectroscopy
(STEM-EDX)

Scanning transmission electron microscopy with endigyersive Xray spectroscopy
(STEM-EDX) combines highresolution imaging with chemical analysis by transmitting
electrons through a sampleSTEM uses a highly focused electron probe, typicallyldain

in diameter, that scans across the sample -pixglixel. For a brighfield (BF) image, the

objective aperture selects only the unscattered, transmitted electron beaanglevelectrons

X Goldstein JI, Newbury DE, Michael JR, Ritchie NWM, Scott JHJ, Joy DC. Electepetie@n interactions:
interaction volume. InScanning electron microscopy anda¥ microanalysisith ed. 2018. p. 114.
doi:10.1007/9781-493966769_1

xiwilliams DB, Carter CB. Analytical electron microscopyramsmission electron microscopy: a textbook for
materials sciencfinternet]. 2nd ed. Vol. 4. New York: Springer; 2009. p-B5% [cited 2025 Oct 24].
Available fromhttps://link.springer.com/book/10.1007/978®-387-765013
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<10mrad) through the sample and blocks all diffracted electrons. As heavier elements and
thicker material readily scatter electrons, they appear dark in a BF image. BF reveals overall
specimen morphology and general compositional variations but lackserdispecific
information™™ In contrast, a ringhaped detector collects scattered electrons at intermediate
to-high angles (160 mrad), producing annular dark field (ADF) images. Unlike BF, ADF
images can be used to directly visualise elemental disiio independent of thickness, as
they are Zcontrast images in whichrightnesds directly proportional to thatomic number

(2) of the elementd" As the electron beam scans the sample, atoms are excited and emit
characteristic Xays. EDX involves the simultaneous detection of thesayX to identify the
sampl eds el eméfiital composition

Powder samples were analysed by STEDIX in this thesis using the JEOL 2100F CS STEM

instrument. Powder was dispersed on cartmated Cu TEM grids, and multiple particles were

examined at varying magnificationg\ (LOk-300k) to ensure representative sampling. All

analyses were carried out at an accelerating voltage ck\20@hile the probe current was
optimised (1.47.5nA) to balance sample charging and acquire robust EDX data. EDAX
Octane T Optima windowless ®m? SDD was used for the EDX analysis. Theak
intensities in the EDX spectra were processed using standardless zeta factor quantification with
samplethickness correction in the analysis software. This yielded elemental compositions with
estimated uncertainties of +R0%, enabling reliable qutification of the deposition&

EDX elemental maps were also generated to study the spatial distribution of elements. STEM
EDX analysis was conducted by Dr Mounib BabBrp(2.3 and Ms Eneith Aguilarg(2.2.7) at

Albert Crewe Centre for Electron Microscopy at University of Liverpool.

Xii\williams DB, Carter CB. Analytical electron microscop¥ramsmission electron microscopy: a textbook for
materials sciencfinternet]. 2nd ed. Vol. 4. New York: Springer; 2009. p-B5% [cited 2025 Oct 24].
Available fromhttps://link.springer.com/book/10.1007/978®-387-765013
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3.3.6 Low Energy lon Scattering (LEIS)

Low-energy ion scattering (LEIS) employs noble gas ions to detect the elemental composition
of the autermost atomic layer of a sampWhen incident ions with kinetic energy dllide

with stationary atoms on the surface, the atoms recoil and ions scatter such that the total
momentum is conserved. Therefore, the energy of the backscattered jpremntains

information about the mass of the scattering até#hif the mass of the ion is Mthe mass of

theatomisM, and i ons scatter at an angle d after
v 0 .
0 ~Wel — o I Qe &
= Y = %
0) §)
P o
o o
Equation 33

To avoid neutralisation of the ions after collision with surface atoms, LEIS is conducted under
ultra-high vacuum (UHV). The detector uses an electrostatic analyser or-aftitight (ToF)

mass spectrometer to measure the kinetic energiemliies) of the scattered ioff$! An

intensity spectrum (counts/nC of primary beam charge) is acquired as a function of kinetic
energy (eV), such that the kinematic facEzuation 33 governs the peak positions in the
spectrum. Each peak represents an element present on the surface of the probed sample.
Focused ion beams can also generate images of the lateral distribution of the elements on the
sample surface. lons that penetrate deapto the sample are readily neutralised, resulting in

a surfacesensitive detection. However, some ions may be scattered by atoms in the subsurface,
but their final energy is <k as they lose energy as they pass through the layer of surface
atoms?® Additionally, ions may be reionised by sabrface atoms, resulting in energies.2E

Both phenomena can result in a lewergy shoulder adjacent to the surface peak position of

the atom involvedKigure3.20).
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Atmospherically adsorbed moisture or organic species on the sample surface can potentially
bl ock the incident ions from reaching the s
usually cleaned usingQlasma before analysigigure3.21).3! A depth profile study of the

sample can also be conducted by sputtering away the surface atoms usareigw Ar
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Figure 321: LEIS spectra after 20 YALD cycles on&k-coated Si@powder, showing C, O, Al/Si
and V surface peaks and their corresponding shoulders on therergy side before and after
cleaning the surface withplasma.

In this thesis, an lonTOF QTec 100 LEIS instrument was used to detect depositions on powders
using 3keV Heions. The A}O3 samples were stuck on carbon tape for analysis. However, the
adhesive in the tape contained Si; hence, the &a@ples were manually pressed into pellets

for analysis. All the samples were cleaned in situ for 10 min usia®ma before acquiring

LEIS data. Typically, a /amx 4 mm area was probed, and the incident dose intensity was
optimised for a higher signab-noise (S/N) ratio. For selected samples, depth profiling was

acquired using a 1 keV Abeam to sputter away the surface, and each splatserwas set to
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~1.5x 10" ions/cnt. For semiquantification, the area of the surface peaks in the LEIS spectra
was integrated following linear baseline subtraction. The maximum and minimum ROI (region
of interest) boundaries were varied to estimate the uncertainty in the integratecepeaE 8

analysis was carried out by Dr Adrian Gardner at the LEIS research facility at University of

Liverpool.

3.3.7 Inductively Coupled Plasma Optical Emission Spectrometry (CES)

Inductively coupled plasma optical emission spectroscopy -QEB) is a quantitative
elemental analysis technique that determines the bulk chemical composition in S¥Mipkes
method combines plasma atomisation with optical emission detection. A liquid sample is
nebulised into aAr plasma, which is sustained at 6600000K by radiofrequency induction.

The elements in the sample get converted into exsii@e gagphase atoms or ions in the
plasma and emit characteristic electromagnetic radiation as they return to their gréeind sta
An optical spectrometer disperses the emitted light and detects emission intensity at each
wavelength using a solistate detector. As emission intensities are directly proportional to
elemental concentrations, they are compared with known refestaraards to determine the
sampl eds ¥Fomposition

ICP-OES analysis in this thesis was conducted for selectedsSiples using an Agilent IEP

OES instrument. Before analyselemental calibrations were performed for V, Mo, and Al
using linear fits in the -A10ppm concentration range. Hafnium (Hf) and Yttrium (Y) were
used as internal standards to account for instrumental drift and matrix effleetpowder
samples were weighed (~5ty) and then treated with 1 mL of concentrated nitric acid (§fNO

in an attempt to dissolve the samples. The mixture wasmat and diluted with deionised

water to a total volume of approximately tl.. It was observed that the samples did not

XVHou X, Jones BT. Inductively coupled plasptical emission spectrometry. In: Meyers RA, Hieftie GM. (eds)
Encyclopedia of analytical chemistry: applications, theory and instrument&tuohester: John Wiley & Sons
Ltd; 200. p. 946®485. doi:10.1002/9780470027318.a5110
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completely dissolve and formed soswid residues in the solution. The residue was presumed
to be of SiQ, as it was expected to remain insoluble under these acidic conditidnss, the

solid wasallowed to settle, and the resulting supernatant liquid layer was collected and
analysed by ICHOES. Alternatively, a couple of samples were completely digested in
hydrofluoric acid (HF), diluted, and reanalysed by 1OBS. The bulk concentrations of the
deposited elements (V, Mo, and Al) after complete dissolution of the sample in HF were
comparable tohose obtained with incomplete dissolution iN®k. This validated the use of
HNO:s as the dissolution medium for subsequent-{@ES analysis.

The elemental concentrations in the samples were calculated as follows:

Equation 34

where,

v is the total volume of the solution

w is the weight of the sample

Cicroesis the elemental concentration measured by the instrument in (ppm)

CsampleiS the elemental concentration in the bulk powder sample (ppm=mg/kg)
Instrumental uncertainty of +1fig/kg was determined by analysing uncoatecSiMDereas

the standard deviation across batches was evaluated by analysing duplicate and triplicate
samples prepared in parallel. The OES analysis was conducted by Mrs Sarah Gare, and
the HF dissolution was performed by Dr Troy Manning in the Depattofédhemistry at

University of Liverpool.

*European Committee for Standardization. Working draft, 2nd consultation: Solid matekiidsowave
digestion of sediment, sludge, soil and biowaste for the extraction of nitricsatithle fraction of trace
elements [Internet]. Brussels: CEN; 2005. RepNo.: CEN/cProject/6180. Available from:
https://horizontal.ecn.nl/docs/society/horizontal/STD6180_digestion_nitricacid.pdf
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3.3.8 N (Nitrogen) Adsorption Analysis

N2 adsorption analysis characterises a sample by measuringity®isorption and desorption
isotherms, enabling quantification of specific surface area, pore morphology, and pore size
distribution. The samples are held atk/{liquid N2> temperature) during the measurements, at
which N gas has a saturation pressurg) (8f 1atm. During physisorption, theNyas
pressurdP) in the sample is increased from 0 tpdhd the volume of gas adsorbed is plotted
as a function of relative pressure (§)/Po olain an adsorption isotherm. Similarly, a
desorption isotherm is obtained by decreasing the gas pressuresftod. Fhe shape of the
isotherms reveals the type of porosity in the sample, while the hysteresis between the
adsorption and desorption curves contains information about the morphology of th¥ pores
As per IUPAG! isotherm shapes are classified into 6 tyégu¢e3.22). Typel is Langmuir

like, where the adsorption curve rises rapidly at lowo,PdRd then plateaus. This is
representative of a microporous material, where pores are smaller timan/Ah Sshaped
isotherm is called Typk and represents ngmorous or macroporous materials. Type
isotherm has a continuous upward curve, indicatiregk initial uptake by a microporous
material. TypdV is similar to Typell, but the curve plateaus at high PXRlues, suggesting
porefilling followed by multilayer adsorpdn. This type is obtained for mesoporous materials
having pores ranging from 2 to 50 nm. Isotherms with a sharp rise in the curverainged
P/R, values followed by a plateau are termed TypeThis type is obtained for weakly
interacting mesoporous materials. Tyea stepwise rising isotherm, is obtained for samples
with uniform or norporous surfaces, where the adsorption takes place lajeydyat specific

pressures.
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Figure 322: IUPAC classification of has adsorption isotherni$

Non-porous and macroporous materials result in no or minimal hysteresis, as gas molecules
adsorb and desorb reversibly without getting trapped. Wide hystlreset high P/Rvalues

is obtained for the sample with ifdottleshaped pores, in which the gas molecules get trapped
during desorptiod! Samples with cylindrical or funnshaped mesopores result in hysteresis

in mid-range P/RY’

Furthermore, different methods and models are used to calculate the surface area, pore size
distribution and pore volume from the adsorption and desorption”dB&ET (Brunauer
EmmettTeller), a mathematical model assuming multilayer gas adsorption on a homogeneous

surface, is fitted to the isotherm data in the @D P/Brange to calculate monolayer capacity
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and derive specific surface area?g).*”*"' BET is valid for nomporous, macroporous, and
mesoporous materials where multilayer adsorption occurs on an energetically uniform
surface!’ The tplot (thickness plot) method separates micropore volume from external surface
area by comparing the samporaud reference csarface.ritm wi t
assumes that the sample and the reference have identical surface cHémistradsorbed
vol uumies ipl otted against statistical thicknes
such that the linear region follows:

O Y O U

Equation 35

where,
Sext (slope) is the external surface area
V micro (intercept) is the micropore volume
The BarrettJoynerHalenda(BJH) method calculates mesopore size distribution3Q0hm)
and volume from the desorption branch of an isotherm using a modified Kelvin equation
(Kevinds relati on f.tassumespylindricad pong georoetrydardragphes i o n)
layerby-layer poreemptying calculation’
In this work, the N adsorption analysis experiments were conducted on a Micrometrics 3
FLEX instrument"' The samples were degassed at A2@or 4hours using the FlowPrejs0
system before the analyslé To start with, approximately 5@g of the samples were loaded

in the analysis tubes that were immersed in liguidThe sample weights were submitted to

xi Microtrac RetsclGmbH. The BET method for microporous materials. Application note [Internet]. Haan,
Germany: Microtrac Retsch GmbH; [cited 2025 Nov 29]. Available from:
https://www.microtrac.com/files/107191/evaluatiorof-the-specifiesurfaceareaof-active-carbontype-i-
adsorptionisothermvia-bet-method. pdf

il Micromeritics Instrument Corporation. Higlesolution, improved throughput micropore analyses: 3Flex
surface and catalyst characterization. Brochure [Internet]. 2016 [cited 2025 Nov 29]. Available from:
https://www.malvernpanalytical.com/en/assets/Micromeritie3flex-brochure tcm50106024.pdf

it Micromeritics Instrument Corporation. Degas options for sample preparation. Application note [Internet].
2024 [cited 2025 Nov 29]. Available frohitps://downloads.micromeritics.com/Appnotes/Deg&3ptionsfor-
SamplePreparation.pdf
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the software, and the isotherms were recorded. After the experiment, the software calculated
the surface areas, peseze distribution and pore volumes using the abdiseussed methods.
However, the samples were reweighed fggteriment to account foré¢hdegassed mass, and

all the quantities were recalculated. The analysis was condbygtede authorunder the

supervision of Dr Alex Cuipa at the Materials Innovation Factory, University of Liverpool.

3.3.9 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal characterisation technique that continuously
measures sample mass as the temperature is changed at a specific rate. The plot of mass as a
function of temperature provides quantitative information on thermaindegsition, phase
transitions, and compositional fractions in mglbimponent materials.

In this thesis, TGA experiments were performed on an SDT Q600 instrument to quantitatively
characterise the depositions on washed activated carbon (WAC). Abautrh§ of samples

were loaded into alumina pans, and the initial weight was noted. In exjriments, the
temperature was ramped ug&min from room temperature (40 °C) to 800 °C under air.
Later, the samples were stabilised at 10Gor 30min, then ramped to 80C. The twestep
process ensured accurate determination of the baseligatviefore subsequent masss
measurements. The airflow was maintained atr\DOmin during all experiments. The carbon
support combusted completely above ~7C€0while a residue comprising the deposited
inorganic materials and impurities from WAC watt Ibehind. SEMEDX was employed to
analyse the composition of the residues and quantify the-déiwsitions. Differential TGA
(dTGA) curves, the first derivative of TGA, were used to identify the effect of ALD on the
thermal stability of WAC. GA was perbrmed in coordination with Dr Le Son at the Materials

Innovation Factory, University of Liverpool.
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3.3.10Raman Spectroscopy

Raman spectroscopy is based on the inelastic scattering of photons, i.e., an energy transfer
occurs when photons interact with the vibrational modes of a matekdhen monochromatic

| i ght of osfcraetgtueernsc yf rasom a sampl e, t hew,theatt er

material's vibrational frequency. #%bh#&is t he s
called Stokes Raman scattering,o @ntibcaldden t he
Anti-Stokes Raman scattering. Stokes scattering is the dominant process at room temperature,
whereas AntiStokes scattering is observed only when vibrational modes are thermally excited.
Generally, only vibrations in which the material's patility changes are Ramactive V>

However, in crystalline materials, some of these Raatdive vibrations are Ramdarbidden

by selection rules based on crystal symmetry, resulting in sharp, distinct peaks in the Raman
spectrunt® On the other hand, the Raman spectrum of amorphous materials has broader, less
defined feature¥

A Raman spectrum is a plot of intensity versus Ramanfstafts 6, whi ch onl y dej

material's vibrational frequency, allowing standardised comparison across different laser

wavelengths:

Equation 36

where,
a is the wavelength of the excitation laser

axscattedS the wavelength of Raman scattered light

XX Ferraro JR, Nakamoto K, Brown Ghttoductory Raman spectroscof@nd ed. Amsterdam: Academic Press;
2003. doi:10.1016/B978-12-2541056.X50007

»*Smith E, Dent G. Modern Raman spectroscopy: a practical approach. 2nd ed. Hoboken: John Wiley & Sons;
2019. doi:10.1002/9781119440598
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Therefore, the peak positions can be used to identify chemical composition and crystal
structur e, whil e peak i ntensi ties and Il i ne
disorder™ >

In this work, Raman spectroscopy was performed on a Horiba Jobin Yvon LabRAM HR800
UV confocal Raman microscope using an excitation wavelength ohfml#om an Ar ion

laser. Light was focused onto the sample using a 50x long working distance objective
(numerical aperture 0.55), providing lateral spatial resolution of approximately €.5 .

Raman spectra were acquired in the-1000cm® range using a 120thes/mm grating and

an Andor Peltiecooled CCD detector at room temperature. The powder samplegpiaeed

on glass slides, and the spectrum was acquired waitgisitions, with 5@ exposure per
spectral segment angdint subpixel sampling for CCD uniformity correction. Multiple spots

per sample were analysed to ensure statistical represenésttveRaman spectra were
processed using standard baseline correction to remove fluorescence background and Rayleigh
scattering artefacts. Peak positions and-iidith at halfmaximum (FWHM) values were
determined directly from the baselinerrected spera through spectral analysié
Characteristic vibrational frequencies were identified through comparison with established
Raman spectroscopic standards. Raman characterisation was conducted by Dr Richard Potter
in the Department of Materials, Design and Manufacturing Engineering aefdity of

Liverpool.

3.3.11Evaluation of Catalytic PerformanceTesting
Catalytic testing was conducted in this thesis for the AltEpared mixed metal oxide (Mo

V-Al oxide) catalystsifi section5.2.3. The catalysts were used in the oxidation reaction of

»i Ferraro JR, Nakamoto K, Brown Ghttoductory Raman spectroscof@nd ed. Amsterdam: Academic Press;
2003. doi:10.1016/B978-12-2541056.X50007

xii Smith E, Dent G. Modern Raman spectroscopy: a practical approach. 2nd ed. Hoboken: John Wiley & Sons;
2019. doi:10.1002/9781119440598
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furfural (FUR). The catalytic testing was conducted by Dr Kasanneni Tirumala Venkateswara
Rao in the Chemistry Department of University of Liverpooider conditionsoptimisedin

their previous worKor the liquidphase selective oxidation of FUR to MA using solvieae
synthesised catalystéThe reactions were conducted in a 100 mL Parr 5500 series batch
reactor equipped with a 484®ntrol system and a glass liner. In every experimentnq of

the catalyst was added tar#inol of bioderived FUR in 10nL of acetic acid. The reactor was
pressurised with ®1Pa of @, and the reaction mixture was stirred at 500 rpm at*COfor

4 hours.

After the reaction, the reactor was cooled to room temperature, and the solid catalyst was
separated from the liquid reaction mixture by filtration. The liquid product mixture was diluted
10 times with acetonitrile and analysed by gas chromatogifiguingionisation detection (GC

FID) using an Agilent HE MS column (30 m I 0.25 mm I 0. 2!
product yiéds were quantified using an external calibration curve constructed from known
standards, using the following equations:

A AQTDYY QOO QQ
: Q6 Moonn i aamyy P

OYWE E 0 QI B Qsé
Equation3.7

G a0 £ APIODHQO ®'QQ

V1 £ QOWORQ = mrTom: sotyy P "

Equation3.8

The CQ yield was estimated assuming it was produced during the formation of products
containing G carbons, as the initial carbon input was(EUR). The following equation was
used for the calculations:

Baé¢ aiQl ¢ Qaddio O'RE Q¢ 'Q

Oi 0 Qd 0 VI WETFQH Q 0F 06 616 S0 E ATy pTT

Equation3.9
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The quantitative evaluations weradso conducted byDr Kasanneni Tirumala Venkateswara

Raa
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Chapter 4

Powder ALD Process Optimisation: Analysing Challenges and

Corresponding Mitigation Strategies
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4.1 Introduction

Wide-scale progress has been made to enable ALD on powders through the development of
specialised reactors (as discussezl8 and implementation gfrocesses wh approximately

10s to 1000s of times longer doses and purgescompared to conventional ALB
However, studiesvolving thedeposition of metal oxides have consistently reported higher
growth on powdes than onplanarsubstrates fothe same number of cycles, leading to pore
blockage in porous powdet$® loss of atomiescale precision, especially during initial
cycles®®3# and a noruniform, nonconformalcoating across the powder particié®37 In

the literature,lis enhanced deposition and loss of controhgmothesised to be causeddy
higher concentration of surface hydroxyl sites on pow@esmpared to planar substratés,
residual HO in the powderd? and CVD-like contributions, mainly due to reactor
limitations36:37:22% These causes have not been systematically investigated or mitigated,
limiting the true potential of ALD from being leveraged on powders

Among the investigated metal oxides, powder ALD of vanadium qX@s) has attracted
particular interest due to its applications in electrochemical energy st8fage®* and
catalysis***> Most of these studies used vanadiurisopropoxide (VTIP) and D to deposit
VO,.293L382540 Therefore, VTIP and ¥D were chosen in this work to develop, optimise, and
validate a robust powder ALD process for ¥O

The main objective of this work is to systematically investigate the root causes-mfeabn

powder ALD behaviour and develop mitigation strategies to achieve truénsétig growth

"Groner M. Final report: Novel Alddated nanoparticle anodes for enhanced performance lithiom

batteries [Internet]. U.S. Department of Energy; 2009. [cited 2024 May 8]. OSTI ID 1105907. Available from:
https://www.osti.gov/search/semantic:1105907

I Elam JW. Development of highly selective oxidation catalysts by atomic layer deposition [Internet]. Argonne
(IL): Argonne National Laboratory; 2014. [cited 2025 May 8]. HQ CPS 11435. Available from:
https://publications.anl.gov/anlpubs/2014/10/108881.pdf

ii Altvater N. The design and fabrication of an atomic layer deposition reactor for coating powders. Honors
Thesis [Internet]. Honors College, 286; 2017. [cited 2022 Jun 6]. Available from:
https://digitalcommons.library.umaine.edu/honors/286
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on powders. This was realised by employing asiia gas characterisation unit and conducting
postdeposition analysis. This chapter details the process development for the ALD,,0f VO
from planar baseline substrates to hgyinfacearea powder substrates and demonstrates the

effectiveness of the proposed mitigation strategies for realising-Bnsi¢itig powder ALD.
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4.2 Results

4.2.1 Process Development for ALD of YOn Flat Substrates

Based on the literature review conducted.tl, VTIP was chosen as the vanadium precursor
and HO was chosen as the coreacfantALD of VOx in this work,as they are easy to handle
andgeneratdenign byproductdn this section, aystematic study was conducted to determine
the growth parameterfor ALD in the OpAL reactor (described $2.1) for flat substrates
before developing the recipe for powders

Initially, saturation studies were performed to determine thdiseting nature of the process,
followed by a linear growth grapBased on the literature review conducted.812, the growth
temperature was set to 150 as an empirical starting pojensuring sufficient thermal energy
to drive selflimiting surface reactions while avoiding precursor condensatiah thermal
decompositiorf>#29237 The ALD cycle and process parameters are discussed.ini All
depositions were carried out on silicg®i(100] wafers 8.2.3.), and the deposition
thicknesses were measured using ellipsometi3.3. Later, the nature and morphology of

depositionwere investigated using SEEDX and XRD inanannealing study.

4.2.1.1 Ellipsometry results

(i) Saturation study

The selflimiting behaviour, a key feature of ALD, was investigated through surface saturation
studies of both kD and VTIP. 200 VQALD cycles were executed for each run in this study.

In the HO dose saturation studgigure4.1 (a)), the number of 50ns HO doses was varied
from 1 to 20, and the number of 266 VTIP doses was fixed toper cycle. The depositions
were conducted for two differentB purge times, 8 and 18, with VTIP purging fixed for

6 s.For the VTIP saturation stud¥igure4.1 (b)), VTIP doses were varied from 1 to 5, while

the number of bD doses was fixed to 15 with espurge. Irrespective of the number of VTIP
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doses, it was purged forseevery ALD cycle. The particular purge times were selected based
on the study conducted by Song et al. to achiegemath per cycle (GPC) of 0.3 A/cycte.
Furthermore, the 0.3 A/cycle GPC value has been reported by most publications and hence was

taken as a benchmark for optimising proces&¥s/’
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Figure 41: Growth per cycle (GPC) as a function of the number of reactant doses on Si wafers at
150°C for 20@ycles: (a) with 5ns HO doses (number @0-msVTIP doses fixed to 5) and (b) with
250-ms VTIP doses (numbers@kmsH,O doses fixed to 15 withs/purge). Two consecutive doses
were separated by & for both reactants.
To obtain GPC values in this study, ellipsometerasured thicknesses were first corrected for
the 20+ 5 A native SiQ layer on Si wafers, and then the corrected thicknesses were divided

by 200 (as 200 ALD cycles were used). The GPC was observexhibit soft saturation
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behaviouwith increasing number of 4 doses, from 0.18/cycle for a single dose to almost

0.4 A/cycle for 15 doses and longer purge time. The GPC was noted to level off gradually at

~0.3A/cycle after 10 HO doses when the purge was set &) Whereas the same GPC value

was reached with just 5 doses when the purge duration was increased This3observation

deviated from standard ALD expectatidré®® It was hypothesised that this behaviour was

due to the more complete regeneration of reactMd surface sites following #D doses

during the longer purge time. Likeo.8, the VTIP saturation curve also exhibited soft

saturat.i

on,

but VTI P6s GPC | evel

at ~0.3A/cycle was observedfter only 3 VTIP doses

| ed

alde f

The process parameters &ficient precursor utilisatiowere identified as 5 5ts HO doses

followed by 18s of purge, and 3 25@s VTIP doses followed by $of purge per ALD cycle.

(i) Growth characterisation study
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Figure 42: Ellipsometry thickness measurements with corresponding refractive indices as a function
of the number of VALD cycles on Si wafers at 150 °C.
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The optimised doses and purges were used to deposit thicker films on Si wafers by
systematically increasing the number of cycles from 200 to 1200, to verify the GPC of the
process (recipe details #12.4.9). Along with the film thicknesses, refractive indices were also
measured using the ellipsometer to understand how the optical properties vary with thickness,
as explained i13.3.2(Figure4.2).

The thickness was observed to increase linearly within the error lim@s (#n) with the
number of cycles, suggesting cydependent growth. A GPC of 0.28cycle was evaluated

from the thickness plot iRrigure4.2. This was slightly lower than that obtained in saturation
studies (0.3A/cycle), which can be attributed to the different optical models used in the
ellipsometer to evaluate thicknesses in both experimar&g)( An optical model employing

a defaultrefractive index of 1.460 was used inwation studies. In contrast, in the present
study, the optical model fitted both refractive index and thickness variables while evaluating
the thickness value. It is evident frdfigure4.2 that the refractive indices of the films in the
present study are considerably higher than 1.460.

The refractive index increased from ~1.5 to 2.2 as the number of ALD cycles was increased
from 200 to 1200The lower refractive index values observed at smaller cycle numbers likely
arise from interfacial effects between the thin,M{Dn and native Si@ layer. However, the
refractive index becomes more representative of the deposited material as the film density

increases withhickness*®

(i) Spatial uniformity study

To further validate the reliability of the developed ALD process, spatial uniformity was
investigated. The optimised deposition parameters were used to deposit a thftkn\Sing

1000 ALD cycles. Si wafers were spread radially from the geometric center of the heated
platen, and deposition thicknesses were measured using ellipsomgizy The maximum

thickness(~25nm) was measured at the center, plotted as 100% depositiBiyure4.3.
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Approximately 98% of the depositigr24nm)was noted at 5 cm from the center, whereas
deposition decreased by approximately 1(Z2.5nm) at the peripheral positions @cm),
suggesting incomplete saturation towards the edges. This variation across the inspected range

could be due to insufficient reactant doses, residence time or differences in precursor flux

across the platetd®
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Figure 43: Relative deposition based on ellipsometry thickness measurements on Si wafers spread
across the heated platen after 1000 ML.D cycles at 15C.

4.2.1.2 Annealing study

An annealing study wasonducted to investigatee nature of agrown (AG) VQ films and
thechangesheyundergaupon thermal treatmento ensuretruematerialrepresentatioand
minimiseeffects due to localised substrate defettsse/Ox films, prepared using 1008LD
cycles (25 nmthick), were chosen for this studffthe annealed samples were prepared by

heating 100&ycle Si wafes at temperatures ranging from 300 to 8@0for 2hours in air in

a tube furnace. XRD and SEIDX wer e wused in conjunction
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crystallinity, phase composition, and surface morphology as a functioanoéaling

temperature.

(i) X-ray diffraction (XRD)

XRD analysis was conducted, as explained.®3 on ALD-deposited VQfilms before and

after annealing, and the results are plotteeigare4.4. The asgrown (AG) films were observed

to be amorphous, with negligible diffraction
with the literaturé>* The film remained largely amorphous upon annealipgo 350°C.

However, at 400 °C, a weak diffraction peak corresponding@®y¥ 001) at 2d & 20.
to emerge®i ndi cating the onset o f crystallisati
temperature was increased to 480and 500 °C, suggesting progressive crystallisation of the

films. More peaks emerged upon annealing at higher temperatures (550 °C and 600 °C), at

2 @28.3° and 41.2°, corresponding to ¥Q011) and \Os(002), respectively®
Subsequently, the intensity of the (001) peak increadetsreflecting an improved lorg

range order with preferential orientation along tfeis. A grain size of 2@m was calculated

from the (001) peak obtained for the film annealed at@@sing the Deby&cherrer equation

from 3.3.3 These results demonstrated how the thermal energy progressively promotes atomic
rearrangement and crystalline phase formation. The Si substrate peak detected intermittently at
2d & 33A corr es poforbideah Sit(200) teteetions This peakt appeared

variably due to differences in-plane sample orientation and scan geonrétry
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Figure 44: XRD patterns for \i&oated Si wafers with 1000 ALD cycles at’I5@nd annealed at
temperatures ranging from 300 to 60C for 2 hours in air.
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(ii) Scanning electron microscopy wEDX)h
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Figure 4.5Scanning electron micrographs of 168&le VQOfilms on Swafers in the (a) agrown
(AG) state and posinnealed state, with annealing temperatures of (b) 300, (c) 350, (d) 4C%hdg)
(f) 500, (g) 550 and (h) 600 °C.
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Scanning electron micrograph&3.4) were obtained for the AG VQhin film and for those
annealed at temperatures from 3Q0(AG) to 600°C (Figure4.5). The AG VQ film deposited

at 150 AC exhibited an al most featureless st
on Si. A few dust particles on the surface, seen as bright spots, were used for focusing
(Figure4.5 (a)). No observable change in morphology was detected in the deposited films after
annealing at 300C and 350C (Figure4.5 (b) and (c). However, sparsely distributed circular

spots with concentric rings were observed across the surface as the annealing temperature was
increased to 40€C (Figure4.5 (d)). The concentric rings exhibited dark and bright contrasts,
ranging from 1Gdo80e m i n dTheabnghterecontrast was due to the formation of rod

like crystallites, while the darker contrast had auegess, smooth surface, as analysed at
higher magnification irFigure4.6 (a). Some irregularly shaped particles were also observed at

the center and towards the periphery of these rings, suggesting the onset of crystallisation,
which was in corroboration with the XRD results. Therefore, these spots were termed
nucleation regions.

SEM imaging of the film annealed at 450 °C revealed a rougher morphology than that of films
annealed at lower temperatur€gy(re4.5 (e)). Multiple faint dark spots, ~1€ nmin diameter,
corresponding to the center of nucleation regions, were observed dispersed across the Si wafer
at lower magnification. At higher magnificationfigure4.6 (b), an increased formation of rod

like crystals was observed at the peripheryofel@ nucl eat i on weembrer s. T
defined than those observed in the film annealed at@pWith widths of 86100nm and

lengths ranging from 0.5 togd mThe EDX elemental map acquired from a part of the SEM
image showed strong, spatially celated V and O signals from the rbkie crystallites, while

the nucleation center appearedi¥ficient. This indicated that the thermal treatment facilitated
dewetting of the amorphous W@Ims from the Si wafers to form discrete®s (as per the

XRD results) crystal®
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Figure 4.6Higher magnification SEIADX analysis of 10@¥cle V@SIQ films annealed at (a) 400,

(b)450 and (cp00°C.

The roughness was observed to increase progressively in the SE images as the annealing
temperature was increased from 480to 600°C (Figure4 .5 (e)(h)), which was attributed to
increased dewettingith temperature and to the corresponding increase@s vrystallinity

(in line with the XRD resultsy Furthermore, he EDX elemental maps.8.4) at higher
maghnification for the film annealed at 680 confirmed that the VV and O signals were spatially
localised to the rodsF{gure 4.6(c)). The rods had widths of approximately 2880nm and

lengths ranging from 0-5¢& m Figure 4.6(c)). The widths were more than an order of
magnitude larger than the grain size calculated from XRD, suggesting ¢hadbdb were

aggregates of multiple diffracting crystallité$3
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4.2.2 Transferring the VQ Deposition Process onto Powders

The ALD VO« process developed in the above section for flat substrates was used as a
foundation for extending the deposition protocol to high surface area powder substrates, which
are the ultimate target for catalytic applications. However, challenges associatpdwditr

ALD, such as high surface area, precursor diffusion limitations and varying residence times,
had to be addressed to transfer the process. Additionally, inconsistent deposition claims in the
literature of powder ALD added to the complexity in defeing the optimum process
conditions. Therefore, a systematic transfer of the ALD process on powders with robust

characterisations is described in temainingchapter.

4.2.2.1 Determining Process Parameters for Powder ALD

A twin-chamber powder adapter, as described.il1.1, was employed as the specialised
reactor configuration for facilitating ALD on powders. The powder adapter was designed to
fluidise the powder for uniform precursor exposure while minimising powder loss. However,

it was critical to determine the procesmg@meters with the powder adapter in the reactor to
ensure reliable, reproducible depositions on powders. This subsection characterises the key
parameters of thermal stabilisation, degassing, and pa@cfiow dynamics through the

powder adapter using in situ analyses.

() Temperature stabilisation of the adapter

ALD growth via surface reactions is strongly
the growth temperaturél'g). Three different heaters, the platen, upper and lower chamber
heaters, were available in the OpAL reactor to achieve the desired, stable temperature in the
reactor chamber. The temperature of the flat substrates was stabilised through conductive heat
transfer as they were directly placed on the platen. However, in our powdes&Up the

powder adapter was installed in the OpAL readmamber without any additional heaters.
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Thus, the powder adapter was heated indirectly using the existing heaters in the reactor
chamber.

As Tg was set to 150C for depositing V@ in the previous section4@.1), the same
temperature was soudiorr depositingOx on powders. Therefore, the platen temperature was
setto 150C. However, the upper and lower chamber hedtadsa temperature limit of 12C

and could not be increased to T80 A K-type thermocouple was installed in an empty powder
adapter to confirnthe temperature within the powder chambers and to determine the time
required to reach the desired temperature. To accurately méfasuhermal environment of

the powder patrticles, the thermocouple tip was positioned at the geometric center of one of the
powder chambers, where the powder would fluidise during deposition. The temperatures were
noted soon after the reactor lid was closed the chamber was evacuated. The measured
temperature as a function of time under constant pumping conditions is ploBigtri 47

with triangles (plot 150 °C). A square plot is also includedrigure 4.7 during which a

continuous flow of Ar gastal0 sccm was used in addition to pumping (150 °C with Ar flow).
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Figure 47: Temperature evolution in the empty powder chamber wher T§0°C and upper and
lower chamber heaters = 12C€ with and without a constant Ar flow of 46cm.
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During no Ar flow (150 °C plot), heat transfer most probably occurred through a combination
of radiation, convection and conducti8f Thus, a dotted line was used to guide the eye
without fitting the data for any specific heat laws. In contrast, the plot obtained with continuous
Ar fl ow foll owed t-t¢raer heating snadel,csuglestiwg conveitive heat r s t
transfer'V It was evident from the plots #Figure 4.7that the Arflow accelerated the heating
process, but the temperature in the powder chamber reach&@ da6y after 1hour of Ar gas

flow. It was observed that the temperature stabilised at *Q38ter 3hours under constant
pumping conditions (not shown her&)wlas presumed that with an Ar flow, this temperature
would be reached much before 3 hours. However, no variation in deposition is expected for
ALD of VOx using VTIP and HO when the Tg changes from 126 to 135°C, as these are
within the reported ALD widow of 50150 °C.#3#29%53747 Hence, an hour of temperature

stabilisation time with a continuous Ar gas flow was subsequently adopted.

(ii) Pre-deposition Degassing

Upon heating the powder adapter, the reactor
to 22.7 mTorr, prompting a dedicated degassing study for standardisation. It was hypothesised
that the stainlessteel filter frits, with an average pore size2& pm, used in the powder

adapter, would adsorb moisture due to their high surface area, and may degas the moisture
when heated under vacuuhfFor a systematic investigation of the outgassed species, Gencoa
Optix gas sensor output was monitored (sensor and measurement détail§.in

Initially, the empty powder adapter was analysed under thermally steady conditions with

constant pumping and no gas flow to test the hypothesis. The partial pressures of OH and CO

v Cengel YAdeat transfer: a practical approachnd ed. Boston, MA: McGraill; 2006. ISBN 978

0072458930.

V' Holman JPHeat transfer10th ed. New York, NY: McGraiill; 2010. ISBN 978073529363.

Vi ChiggiatdP. Outgassing properties of vacuum materials for particle accelerators [Internet]. Geneva: CERN;
2020. [cited 2026 Feb 4]. Report No.: CERNE2020:0009. Available from:
https://cds.cern.ch/record/2723690/files/2006.07124.pdf
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were monitored in real time shortly after pumping began, and the OpAL chamber pressure
(with the powder adapter) had FRgeeaddh)edH t he
was the representative marker for adsorbe@,tnd CQ" was that for organic species. The
partial pressure of COremained stable over the observed period, with noise oscillations
around a constant value of ~%@0° mbar. Conversely, the partial pressure plot of OH
decreased from a slightly higher initial value of 8.40° mbar to a stabilised value of

8.6 x 10° mbar after ~13.5 min of pumping. The detection of OH was a direct indication of
residual water in the reactor, and the stabilisation of the OH signal demonstrated effective
removal of HO molecules through pumping, confirming the hypothesis. The stabilised partial
pressure values obtained here were noted as baseline values for the OpAL reactor with the
powder adapter configuration.

As the next step, the gas sensor was used to study degassing frorsartaigbarea powder.

Such powders are expected to adsorb water vapour and other atmospheric gases, which may
outgas when heated under vacutimAdditionally, residual contaminants or volatile
compounds trapped within or on the powder particles from synthesis, handling, or storage can
also contribute to outgassiMyThis outgassing can substantially disrupt the deposition process
and hinder reproducibility® hence, it was necessary to understand the degassing behaviour

before developing powder coating processes.

Vil Jousten K. Thermal outgassing. In: GAERN Accelerator Schogacuum Technolog@eneva: CERN; 1999.
p. 113125. doi:10.5170/CERN99-005.111.
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Figure 48: RROES detected partial pressures of OH angd,@@der constant pumping of the OpAL
chamber with (a) empty and (b) 50ty of A}Os-loaded powder adapter.

About 500 mg of AIOs powder (characterised 812.3.2 (i) was evenly distributed between the
two chambers of the adapter. Data logging for partial pressures of OH anev&COinitiated
soon af tpessur®ikhithémwdéroaded adapter) was within

range Figure4.8(b)). The partial pressures of OH and £@ropped rapidly over the initial
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10min as the reactor pumped down. Thereafter, the partial pressures followed an exponential
decay, demonstrating firsirder outgassing kinetics of trapped volatiles from the powder as it
was heated. An outgassing equation derived from Fick's law ofswiffuvas fitted to the
residual gas data for characterising the outgassing behaviour of the adsorbed species

(Figure4.8 (b)):V"

Equation 4.1
where,
0 - baseline pressure (asymptotic value),
0 -initial excess pressure due to outgassing (after ~10 min of pump down),
T - outgassing time constant (min)
A successful removal of moisture from the system was evident from the OH plot, as
0 00O & pmawdwas very close to OMBOSmbarasel in
However, thed for CO;" was approximatelg p 1 & & ®higher than the base value,
indicating continuous desorption of organic volatiles from th©#&bowder, even after 9%in
of pumping. These organics could prevent reactions at surfacg®Sif@®mote parasitic
reactions®® and introduce impuritie¥®® compr omi sing ALDO6s Bcontro
Mitigation strategies for this outgassing, including thermalgmeealing and chemical surface

modification, are investigated later in this chapter.

Vil Chiggiato P. Outgassing properties of vacuum materials for particle accelerators [Internet]. Geneva: CERN;
2020. [cited 2026 Feb 4]. Report No.: CERINE2020-0009. Available from:
https://cds.cern.ch/record/2723690/files/2006.07124.pdf
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(iif) Precursor Flow Dynamics
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Figure 49: RROES detected overall chamber pressure and partial pressures of OH and H after a 30
ms HO dose (a) with standard reactor configuration (without the powder adapter) and (b) with the
powder adapter configuration (empty powder adapter fitted in chamber), under constant pumping.

The incorporation of the powder adapter substantially modified th@lgese pathway and

flow dynamics within the ALD reactor chamber. The Optix gas sensor was used to investigate
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the impact of this geometric modification on precursor delivery and residence time. Single
doses of HO and VTIP were introduced under constant pumping, and the temporal profiles of
their fragment species were traced. Detected OH and H were used as key representative
markers for HO, while O, OH and CH were used as such for VTIP. The precursor pulse transits
were compared in the presence and absence of the powder adapter in the reactor. No powder
was loaded into the adapter to preclude its outgassing lmatiins and to assess only the
geometric effects of the adapter. The overall reactor pressure was also plotted alongside the
partial pressures of residual gases to observe its correlation with individual species.

After a 30ms HO dose, sharp, narrow OH and H peaks were observed for the standard reactor
configuration (without the powder adapteFigure4.9(a)), whereas notably broader tailing
peaks were observed with the powder adapter in the reactor chafiguee4(9 (b)). These
substantial differences in the peak profiles indicated longer retention of water vapour in the
presence of the adapter in the chamber. This was expected as the adapter restricts gas flow due
to its complex geometry, and the presence of-Bigffiae-area filter frits makes the gas flow

path torturous compared to that under a standard reactor configuration. Since the temporal
profiles of both OH and H peaks aligned closely, a baseline was fitted, and the area was
integrated only for the OH peaks to chaesise the HO flow. The HO pumpout times of

9.5s and37.5s were evaluated for the two reactor configurations, respectively, using the
baseline OH partial pressure as the reference. As evident from the integration Gitgasar,

the longer pumyout time through the adapter also resulted in substantially grea@r H
detection by the sensor. This observation
where it samples the chamber gas evers @3.1).

A bubbler was used for VTIP, with Ar as the carrier gas to improve its delivery, as explained
in 3.2.2.1 500ms doses were introduced with two different carrier gas flow rates (50 and

150sccm) in both reactor configurations. The temporal profiles of Ar in the standard reactor
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exhibited narrow peaks, indicating faster gas transport with minimal dispersion
(Figure4.10(a)). In contrast, the Ar peaks broadened in the presence of the adapter,
demonstrating a slower transit through the geometry, as expe€ipded.10(b)). An
approximate delay of 22 was observed when pumping out Ar through the powder adapter,

and corresponding integration areas increased considerably, validating the claim that an
enhanced detection during extended ptonpt s i s due t ogdpdré®nNn.sensor O s
However, the flow of VTIP differed substantially from that of the Ar carrier gas. After VTIP

doses in the standard reactor, peaks were observed in the partial pressures of O, OH and CH
((Figure4.10(a)). The partial pressures of O, OH and CH were observed to drop to baseline
values much more quickly than that of Ar, and minimal variations were observed in their
temporal profiles as the Ar flow rate was changed. This suggested that either the same amount
of VTIP was introduced into the reactor regardlegb@ftcarrier gas flow rate, or the difference
couldnodét be detected due to the sensordés sam
of O, OH and CH suggested that a small amount of VTIP was introduced into the reactor per
dose Figure4.10(@)) . Subsequently, none of VTIPOsSs repr
dosed through the adapter. This could be because of significant VTIP consumption and/or
dispersion while flowing through the adapter, so that its amount in the gas sampled by the
senerwas below the sensoré6és detection | imit.
This part of the study provided a rationale for developing a fdafte and mukpurge powder

ALD cycle to ensure sufficient precursor delivery for deposition on-kigfacearea powders

and to facilitate purging of reactants from the powder adaptaete@pt gagphase reactions,

respectively.
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Figure 410. RROES detected overall chamber pressure and partial pressures of O, CH and Ar after a
500ms VTIP dose with Ar carrier flow rates of 50 andsts®n under constant pumping (a) without
and (b) with the powder adapter in the reactor chamber.
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4.2.2.2 Growth Analysis

A powder recipe was develop€gl2.4.2 (i) using multiple doses and purges of both VTIP
(10doses, purges)and HO (5 doses, Ppurges)per ALD cycle.During multiple doses2-s

and 500ms delays werentroducedafter individual 500msVTIP and 30-msH>O doses,
respectively to replenish thevapours for deliveryDuring multiple purges, individualO-s
purgeswere separated l5-s pump steps, i.e. constant pumping of the reactor chamber with
no gas flow, tacreate a pulsefluidised bed(as explained ir2.5.4), for both VTIP and HO.

One complete ALD cycle toakpproximatelys min.

About 300mg of Al,Os powder, preanneale@t700 °C for 1 hour in air3(2.3.2 (i), was equally
distributed between the two chambers of the adapethermal treatment was usedé&move
organic volatilesfrom Al>Os, based on the results froeh2.2.1(ii). After degassing and
temperature stabilisation forhbur, the developed recipe was used to deposit &fAlI 203
powder by varying the number of ALD cycles from 1 to 200. Witness Si wafers were placed
on the platen3 2.3.]), at 150°C, to compare the results with those obtained previously with
the flat sample recipé&igure4.2). The upper and lower chamber temperatures were maintained
at 120°C in this experiment. The experiment was repeated without #@s; Abwder in the
adapter, i.e. empty powder adapteith witness Si wafers on the platen. The deposition
thicknesses on the wafers were measured using an ellipsometer for comparative process
analysis. On the other hand, the M@&position on the ADs powder was characterised for
uniformity and conformality using optical microscopy and demergy ion scattering (LEIS)

analysis.

(i) Ellipsometry Results
Ellipsometry measurement3.§.2 on Si wafers with and without the powder in the reactor are
plotted inFigure4.11to understand the influence of powder on\d@position. A monotonic

increase in deposition thickness was observed with the cycle count for both sets of samples.
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However, the GPC for VQdiffered significantly between the two sets. A GPC of R&%cle

was obtained without the powder, while B&ycle was obtained with the powder in the
reactor. This observation suggested that the powder facilitated parasitic contributions to the
VOy deposition, likely due to incomplete purging and/or moisture outgassing from the powder,
which may have reset duringe® doses despite paeposition degassing. Furthermore, the
0.35A/cycle GPC on Si wafers with the powder V@cipe(without the powder) was higher

than thatpreviously obtained for VQ(~0.25A/cycle) using the flat sample recipe. Ideally,
identical GPCs were expected throughout these experiments forliangety ALD, and the

higher GPCs indicated neAlLD contributions in the depositions. This could be due to residual
moisture in the reactor and/G\VD-like contributions caused by partial decomposition of the

VTIP precursor because of extended residence time.
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Figure 411: Ellipsometry thickness measurements as a function of the number @DMEDcycles on
witness Si wafers placed on the platen at 260 with powder adapter either empty or loaded with
300mg of AVO; powder, annealed at 70TC.
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(i) Analysis using Optical Microscopy

= | ike uncoated Al,O;

Al,O5 coated with Z
varying amounts
of VO,

Figure 412: An optical microscope image of particles in the samples prepared using89A&3 on
annealed AlO; powder.
All Al 203 powder samples prepared with 1 to 200 ALD cycles appearefléwieag and non
agglomerated after deposition, and a change in the colour of the otherwise white powder was
apparent to the naked eye. However, the colouration across the particles wagaoramwhen
observed under an optical microscope. An example is showiygune4.12 for the sample
prepared with 50 VOQALD cycles. Approximately 70% of the ADs particles appeared in

varying shades of yellow and black, while the rest were white, likeat@doAbOs. This

suggested that the developed powder process yielded uncontroliéd Bashepositions.

(i) Low-Energy lon Scattering (LEIS)

Low-energy ion scattering (LEIS) was also employed for they®le sample to analyse the
chemical composition of the outermost surface of the powder particles. The sample was
mounted on carbon tape and its surface cleaned forird® using @ plasma before analysis
(details are discussed &5.6). The LEIS spectrum was acquired after cleaning by probing an
area of 2x 2 mm, as shown irrigure4.13(a). Surface peaks were observed for oxy(@e)
aluminium(Al), and vanadiunfV) at about 1116, 165@nd 250eV, respectively. The

V surface peak indicated V@eposition, and the Al surface peak suggested the presence of
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uncoated AlOs surfaces in the probed area. Furthermore, theumifiormity in deposition was
evident from the lateral distribution images for Al and \Figure4.13(b) and (c) respectively.

A very uneven distribution of V was observed across the probed area compared to Al. The
spots with high V signal had significantly low Al signals (examples indicated with red arrows
in Figure4.13) and vice versa, confirming namiform, norALD VOx deposition with the

developed powder process.
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Figure 413: (a) LEIS spectrum acquired from the anneale@:Alowder after it was subjected to
50VQ cycles, and distribution of (b) Al and {cacross a probed area 2 x 2 mm, with the sample
mountedon a carbon tape.

The higher GPC®bservedon witness samples and inhomogeneous deposition across the
powder bed, even after temperature stabilisation, degassing efforts, and prolonged (multi)

purge steps, warranted investigation of the underlying causes of thilbhehaviour.
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4.2.2.3 Investigating and Mitigating the Causes of Néw.D Contributions

Firstly, the inbuilt leak checks were conducted on the reactor chamber and the connecting lines
to confirm that the system was leftke. The noruniform deposition due to neALD
behaviour was hypothesised to be caused by a combination of intercorfaettiey] including
backflow of volatile species from the pum&EVD-like contributions due topartial
decomposition of the precursor, incompletegingandbr resetting oimoisturein the powder

during HO dose nullifying the predeposition degassin@ndinadequate fluidisation of the
powder. Strategic gperiments were designed to investigate each factor individually, and

mitigation strategies were adopted to establish adisgting powder ALD process.

() Investigating the Backflow from the Pump

One key difference between the powder and flat sample recipes was the inclusion of static
pumping steps in the powder recipe, during which novwgasflown into the reactor. To
investigate backflow from the pump and its effect on deposition, the powder recipe from
3.2.4.2(i) was used without ¥D doses for deposition on Si wafers. A 1 nm increase in thickness
was observed after 50 cycles of this modified recipe, indicating the presence of an oxidant
source in the reactor. The same experiment was repeated with the flat sample recipe, and no
deposiion was detected. The powder recipe was then modified to replace the static pumping
steps with Ar purge steps with a flow rate of H8@m. The hypothesis was that the Ar flow
would help maintain unidirectional gas transport and suppresssir@gming ofchemical
species from the pump. The experiment withoulOHdoses was repeated after this
modification, and a thickness of 2082was measuredn the Si wafer, which was within the

error range of the native SiQayer (20+5A), suggesting negligible depositiorThis
confirmed that backflow from the pump was contributing to parasitic depositions and proved

that a continuous Ar flow can help mitigate it.
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(ii) Verification of ALD Temperature Window
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Figure 414: Ellipsometry thickness measurements as a function of growth temperature on Si wafers
placed on the heated platen after 200 powder ALRdyCles.

A dedicated temperature study was conducted on Si wafers using the developed powder recipe
(with continuous Ar flow) to investigate the onset of G\ contributions in the depositions.

The depositions were carried out over a rang&gfrom 80 to 165C for 200 VQ ALD

cycles, and ellipsometry thickness measuremeh®2 are plotted inFigure4.14. It was
observed that the Vi@ilm thickness remained relatively constant within the error limits from

80 to 135°C, representing an ALD temperature windowhereafter, the thickness was
observed to increase rapidly with Tg, suggesting a rise in {IRéDcontributions. VQ
thickness in the ALD window was approximately %.8.5 nm, i.e. 7.3im (measuredj 2 nm

(native oxide), resulting in a GPC of ~0.&&ycle, comparable to that obtained with the
conventional flaisample ALD recipe at 15TC in4.2.1 This demonstrated a shift in the ALD
window when using the powder recipe, which may be attributed to the use of long doses and

higher reactant flux comparéd the conventional recipe, as the reactants were already noted
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to exhibit soft saturation in.2.1.1 The ALD temperature window study confirmed that the
depositions irt.2.2.2included CVDBlike contributions, so the platen temperature was reduced

to 120°C.
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Figure 415: Temperature evolution in the empty powder chamber whernupger and lower

chamber heaters were set to 12G, with a constant Ar flow of 4g@cm.

The temperature stabilisation study with the empty powder adapter was repidatbd platen
temperaturef 120°C, and the results are plottedRigure4.15. The plot followed the same
convective heating profile as discussed.ih2.1(i), due to theontinuous flow of Ar gasThe
temperature reached 113 in 60 min, which wawithin the ALD window. Therefore, an hour

of temperature stabilisation before starting the deposition was retained with the changed platen

temperature.

(i) Investigating Powder Outgassing and its Mitigation Strategies

Approximately 300ng of the annealed ADs powder (annealed at 70CQ for 1 hour in air)

was loaded into the powder adapter, and its temperature was stabilised (Yg¥12Q@he

OpAL reactor for an hour. An experiment was designed to include only VTIP doses and no

H-O dose\to investigate solely active moisture outgassing from the powder under vacuum
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conditionsand torule outinsufficient purging or moisture reset in the powdetasss of non

ALD contributions Each cycleof this experimentconsisted of 1800ms VTIP doses
separated by &, and 30 alternating higg00sccm) and low100sccm) flow Ar purges of 10

and 15s, respectively. The Optix gas sensor was employed to detect the OH species during the
experiment.3.1). It is known fromd.2.2.1(iii) that VTIP introduction into the reactor resulted

in the detection of OH species. Therefore, in the current experiment, the same amount of OH
detectionwas expectediue to VTIP doses each cycle Alternatively, it is known from
4.2.2.1(ii) that residual moisture or outgassing from the powder also results in the detection of
OH species that decreases exponentially under vacuum conditions.

The RROES gas sensor output for OH during VTIP cycles after the initial degassing is plotted
in Figure4.16. The OH signal rose by approximately the same amount after the set (10) of VTIP
doses in the last 6 cycles. A relatively small increase in the OH signal was observed after the
first 10 VTIP doses, likely due to its chemisorption on the {sigtiacearea pwder surface.

This was in line with the expectation. Subsequently, OH detection was observed to increase
during high Ar flow rate, suggesting arcieased transport of OH species. The average OH
signal wasobservedo decrease exponentially withetnumber of VTIP cycles (represented by
theredcolour guide to the eye Figure4.16). This was indicative of outgassing from the@d

powder, even after being annealed. This outgassing likely served as a secondary oxidant source,

resulting in parasitic CVD during deposition4r2.2.2
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Figure 416: RROES detection of overall chamber pressure and partial pressures of OH and Ar during
7 VTIP cycles with 3089 of A}O; in the powder adapter after initial degassing and temperature
stabilisation with Tg = 12TC.

It was critical to suppress outgassifigm the powderto enable atomiscale, precise
deposition on particles. Two complementary strategies were implemented to combat
outgassing. Firsjegassing cycles were introduced aften80 of constant Ar flow during the
pre-deposition degassing and temperature stabilisationte degassing cycle consisted of
high (100sccm) and low (5@ccm) Ar flows for 5 and 16, respectively, as Aclearly
facilitated he transport of residual OH species from the powaldreé exhaust. Following this,
doses of trimethyl aluminium (TMA) were introduced into the reactor to act as a chemical

getter, asTMA is reported to be highly reactive towards hydroxyl groups and result in self

terminating reaction¥’ It was hypothesised that TMA would react with the outgassing OH

157



species and deposit an>8k passive layer on the powder particles, proactively suppressing
subsequent outgassifrgm it.>®

However, it was necessary to identify the number of TMA doses required for complete
passivation. Initially, 200 3tns TMA predoses weradministered befor&0 cyclesof the

same experiment as abowe annealed AD3z powder. 10 alternating High (4@@cm) and low
(100sccm) flow Ar purges were used after every 10 TMA doses, to fluidise the powder for
uniform exposure. The experiment was repeated with 500, 1000 and R20Aoses. Visual
inspection was conducted to epge the colour change of thex® anddeposition thickness

was monitored on witness Si wafers using ellipsometry.

The powder was observed to develop a yellow colour with 200 TMAIgses, indicating
insufficient passivation. No colouration was observed after 500, 1000 and 2000 TMA pre
doses. An increase in thickness of approximately 1.6, 1.1, aminlv#as measureon the
witness Si wafers for experiments with 500, 1000, and 2000 TMAIgses, respectively.
Hence, 1000 TMA preloseswere corsideredsufficient to passivag Al>Os. An optimised
powder ALD process, including degassing and TMAgwsing cyclebeforethe ALD cycle

of the targetnaterial {Ox in this case)was formulatedndis detailed irg.2.4.2(ii).

(iv) Inadequate Fluidisation Causes Nebniformity

The optimised powder ALD recipe froB®.4.2(ii) was used to deposit 100 YCycles orpre-
annealed AIOs powder in the following experiment. Visual inspection after deposition
revealed predominantly yellow colouration, with isolated dark particulates scattered across the
sample Figure4.17 (a)). The yellow colour was characteristic of®, while the dark colour
represented deposition of lower oxidation states of,\Gch as VO or V&% A uniform
colouration was expected if all particles wereatyuexposed to the reactants. Therefore, the

visual inspection suggested inadequate fluidisation of the powder bed.
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LEIS was employed to analyse the surface composition of all the particles in the sample, as
explained ir8.3.6 In the LEIS spectrum, a pronounced V surface peak at@&1&hd a weak

Al surface peak at 1656V were observedr{gure4.17 (b)). The presence of a leenergy V
shoulder suggested that the probed sample had particles with a thido®ithg. However,

the detection of the Al surface peak indicated that the probed sample had unce@sged Al
surfaces even after 100 Y@ycles. It was hypothesised that inadequate fluidisation results in

nortuniform exposure of all powder particles, likely due to static e@gvironments in the

powder chambers.
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Figure 417: (a) Optical photograph and (b) LEIS analysis@fALO; sample prepared using 100
cycles of the optimisegowder ALD recipieom 3.2.4.1.
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To improve fluidisation, the 26 m pore size filter efmriothse swdroe
increase gas flow through the powder ada@ex.1.1). However, almost 40% of the powder

escaped the chamber as the reactor was pumped down. To prevent powder loss, the top frits
were returned to 2& m. With this mismatched filter fri
powder chambers at a higher flow ratg escaped relatively slowly, effectively fluidising the

powder bed. The optimised powder recipe was repeated for 1QGAMD cycles after this

geometric variation, and a dramatically uniform colour changige sample was obsevéas

shown inFigure4.18 (a)).

Subsequently, depositions were also conducted for 10 and 3@MDcycles. LEIS analysis

was employed to characterise the M@verage as a function of the number of ALD cycles
(analytical details in3.3.6. Firstly, in the LEIS spectrum of the 1@9cle sample
(Figure4.18(b)), the V surface peak at 216¥ had a maximum intensity of approximately

6 Counts/nC, which was lower than that obtained beforeCits/nC) with the same pore

size upper and lower filter fritsFigure4.17(b)). The correspondingpw-energy shoulders
suggested that a thinner Y@eposition was obtained after the geometric modification.
Furthermore, the spectrum exhibited ademergy Al shoulder with no visible Al surface peak

at 1640eV, suggesting complete coverage of thgDAkurface. This implied that the geometric
modification of the powder adapter resulted in more uniform gas exposure of particles and
hence amore uniform thicknesdeposition. Compared to samples prepared with 10 and 30

ALD cycles, the 10&ycle sample exhibited a higher leemergy shoulder, indicative of

relatively thicker deposition, as expected from cyadgpendent depositionsigure4.18(b)).
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Figure 418: (a) Optical photograph of the sample with 100 M@cles and (b) LEIS analysis of the
samples prepared by 10, 30, 100,¢¢xles, using the optimisgdwder ALD recipe on 3@y of
annealed AIO; powder, which was fluidised pukesbetween filter frits of mismatched pore sizes.
The least intense V surface peak at 2880 ~2.8Counts/n§ was observed in the LEIS
spectrum of the 28ycle sampleKigure4.18(b)). The most prominent Al surface peak among
the three samples was also observed for theyt@® sample. This indicated that the®d
surface was not completely coated after 10, ¢¢les. The intensity of the V surface peak
increased by approximately 0®unts/nC in the 3@ycle sample, indicating a higher V

surface abundance than in thecy@le sample. However, the le@nergy V shoulders in the
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LEIS spectra of the 10 and-89cle samples were comparable, suggesting comparable
deposition thicknesses. Furthermore, the Al surface peak in tbgcBsample was

attenuated, implying an increased coverage of th®@sAHurface by VQ. The observation
suggested that V\@leposition progresses from a nucleation regime to a conformal film as the
number of VQ cycles is increase®® Overall, the LEIS results validated the effectiveness of
using mismatched filter frit pore sizes and confirmed that the optimised powder ALD recipe

fetches controlled, cycldependentuniformVOy depositions on ADa.

4.2.2.4 Assessing the Transferability of Mitigation Strategies to Different Powder Systems
Powder materials can span a wide spectrum of physicochemical properties, including chemical
composition, surface structure, and morphological characteristics. These properties can result
in different behaviours during the powder ALD process, especiallyezoimg the challenges

of degassing and fluidisatiorin the previous subsectionnaLD processincorporating
mitigation strategies to address these challewgssptimisedfor the AbOsz powder To assess

the transferability and applicability of the mitigation strategies and the effectiveness of the
developed process, an alternative powder system was usegolus SiQ powder (99.9%,

Alfa Aesar), having relatively homogenous spherical particlesg(d) wi t h s moot h
compared to AlOs, a surface area (18%/g) less than an order of magnitude than that gDAl
(200m?/g) and with a high tendency of agglomeration as opposed to free flowifg, Alas

chosen for a strong validatidest of the strategies.@.3.2(ii)).

(i) Determining the Number of TMA Praloses

As SiQ; had a lower surface area (/g) and a nofporous nature as opposed to porou Al
(200n¥/g), as characterised $2.3.2(ii), it was presumed that Si@ould be easier to degas
and may not require any TMA pdoses. However, the RPES gas sensor was unavailable
during these tes{season explained i8.3.1); therefore, alternative experiments were designed
to check the hypothesis. Firstly, 361@ of pristine SiQ powder was subjected to STIP
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cycles (no oxidants) after 150 degassing cycles and temperature stabilisatiori@t E26h
VTIP cycle consisted of 1800-ms VTIP doses, separated bys 2and 30Ar purges of
alternating high (408ccm for 10s) and low (10&ccm for 15s) flow rates. A0.9nm of
deposition was obtained on the witness Si wafer placed on the platen, confirming the presence
of an oxidant source in the chamber. The white.Si@vder also developed a lighellow
colour after the experiment (as in the upper half Fafure4.19 (a)), indicating \4Os

deposition”®®! This suggested that Si@utgassed kD during the process, disproving the

hypothesis.
(b) 2000
1455.9
'S 1500
IS
E
c
.2 1000
8
<
3
S 500 242
O
0
Vanadium (V) Aluminium (Al)

Elements

Figure 419: (a) Optical images of SiPowder after 50 VTIP cycles without TMA doses (upper half)
and with 200 TMA preloses (lower half), (b) IEGPES measured elemental concentrations of V and Al
in the sample prepared with S@TIP cycles after 200 TMA fleses.

Therefore, an experiment was designed to evaluate the effectiveness of the FNUSIpoe
strategy in mitigating outgassing from the Sgowder. A total of 200 3éns TMA predoses
were incorporated before executing the\BOP cycle as before. The deposition on the Si
witness wafer was indistinguishable (within the error limits) from that obtained without the
TMA pre-doses. On the contrgrthe powder was observed to remain white and not develop
any colour after the experiment, as shown in the lower h&ligare4.19(a). This sample was

also analysed by inductively coupled plasompical emission spectroscopy (IKFES) to
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quantify the depositions on SiOThe sample preparation for IGPES and the technique
details are explained i8.3.7. From the ICPOES results presented Figure4.19 (b), the
incorporation of 1456 + 200 mg/kg of Al suggested the deposition of a passelayer
during TMA predoses. However, the incorporation of V (242 + 200 mg/kg) was minimal even
after 50 VTIP cycles, confirming the effectiveness and transferability of the TMdqwziag

strategy.

(ii) Optimising Fluidisation

@ Top filter frits
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Figure 420: Top filter frit images showing the side exposed to powder during®®@LD cycles using
the highest Ar flows of (a) 4G@cm and (b200sccm in the optimised ALD recipe.

The optimised V@powder ALD recipe with the tuned number of TMA jateses was applied

to SIQx powder for 50 cycles3(2.4.2(ii)). After the experiment, the powder was observed to

cake at the adapterdés gas exit, i . e. under t
grey Figure4.20(a)). The caking was attributed to higkteanrequired gas flow in the recipe,
coupledwithSi@ds natural tendency to agglomerate. T
in the recipe was reduced from 400 to 280m, and thexperiment was repeated. Following

this, no caking was observed on the filtétgre4.20(b)), and a uniform grey colouration of

the SiQ powder (not shown here) was observed. This demonstrated that by tuning the gas flow,

the developed powder ALD process is transferable to powder systems with different

agglomeration tendencies.
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(i) SiO2 Agglomeration Challenge

Sio,
agglomerate

Soft
agglomerate
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Figure 421: SEM images of (a) Si@yglomerate and (b) development of fractures in the

agglomerate during electron beam exposure.

It was observed that the SiQarticles had a natural tendency to agglomerate into aggregates
ranging from10to606 m. Fr om t hes e, tehne, oweerse | masgtelry tadhb
be soft agglomerates under SEM imagiRigre4.21). These soft agglomerates may fracture
during the ALD process or during pedgposition handlin§? resulting in noruniformities in

the samples, as ALD deposdsly on the exposed surfaces. To mitigate this, the powder was
first subjected to 50 TMA prdoses, which passivated the surfaces of both the naturally formed
agglomerates and any loose Sgarticles with an AlOs layer. The powder's flowability was
observed to increase during visual examination, attributed to the gettering mechanism of TMA
doses, which effectively reacts with the surface hydroxyl grétipsen, the powder was
sieved through 405¢ m p or e (waslzld0),fd itiwaselosest to the minimum observed
size of soft agglomerateBhe soft agglomerates of sizasgerthan the mesh size were broken
using a bristle brush. This step effectively reduced soft agglomerates in the sample, thereby

reducing ambiguity in subsequent analytical measurements.

4.2.2.5 Growth Analysis of Von SiQ: A Systematic Study
The optimised ALD process3.@.4.2(i))) was applied to Si@after incorporating the pre

deposition sieving step for a systematic\d@position using ALD cycles ranging from 176.
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Visually, a progressive darkening of the grey colouration of the-6f@ted Si@powder was
observed with increasing ALD cycles. The samples were stored in glass vials under ambient
conditions. The colour of the samples was observed to evolve into corresponding shades of
yellow over a period of 48 hour&iQure4.22), indicating oxidation of adeposited VQ to

V205> This phenomenon was hypothesised to be thermodynamically driven and facilitated by
the residual oxygen in the sealed vial. Subsequently, LEIS andDES analyses were

employed to assess the deposition uniformity andigrdehaviour on the Sipowder.

Figure 422: Optical image of the series of Y8IQ samples prepared with 1, 5, 20, 50 and 75 ALD
cycles at 120C.

() Low-Energy lon Scattering (LEIS) Analysis

An additional sample was also prepared using 10 ALD cycles, and BB (vas used to
analyse the surface composition of all six Sgamples (prepared using 1, 5, 10, 20, 50, 75
VOy cycles). Three peaks were observed in the LEIS spectrum of all the saRigples!(23),

out of which the peaks at 1116 and 2&80corresponded to oxygen (O) and vanad{\in
respectively. However, the third peak at 1@84 was due to the combined signals of
aluminium (Al) and silicon (Si) from the sample, as their individual peak positese at
1650and 169GV, respectively, which amhallengingto resolve in LEIS® The intensities of
the V and O peaks were observed to increase with the numitDbfcycles, while the

intensity of the Al/Si peak appeared largely unchanged until 50 cycles. Although attenuated,
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the Al/Si surface peak was observed even after 75 ay@les. The consistent detection of a
relatively small Al/Si surface peak was attributed to the presence of uncoated surfaces in the
sample, likely due to inevitable soft agglomeration. Along with the V peak intensity, #s low
energy shoulder was also elpged to increase with the number of ¥€ycles, indicating a
progressive increase in thickness with cyckigure4.23).56%” This observation confirmed that

the optimised powder ALD process yieldealeydependent VQdeposition, as expected.
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Figure 423: LEIS spectra of Si€amples prepared using 1, 5, 10, 20, 50, 75ALD cycles.

The surface abundances of Al/Si and V in the samples weregsemiified using the areas
under their respective surface peaks in the LEIS sp&itpads.23), and the results are plotted

in Figure4.24. Overall, the Al/Si plot decreased, while the V plot increased with the number of
VOx cycles. The respective decreasing and increasing trends were observed to vary within the
investigated range of ALD cycles. The Al/Si surface abundance was observed to drop rapidly

during the first 10 VQcycles, after which the decrease was subtle until 50 cycles, followed by
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a significant drop at 75 cycles, indicated by a, b andFigure4.24. On the other hand, the V
surface abundance was observed to increase slightly during the first &8s, then jump
at 10 cycles, followed by a linear increase thereafter, indicated by 1, 2 aR@)3reé4.24. The
collective Al/Si and V trends suggested that\W@s in the nucleation regime during the initial

10 cycles, and a steady laymyr-layer VO« growth was established thereafter.
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Figure 424: Area under the surface peaks of Al/Si and V from the LEIS spectra are plotted as a
function of the number of VLD cycles.

A depth profile study was conducted to quantify the increase in thickness with the number of
ALD cycles. Samples with 20 and 75 Y€ycles were sputtered with &&V Ar" beam, and

LEIS spectra were acquired regularly after every1D'#ions/cnf of sputter dose. The area
under the surface peaks V were recorded and plottEigjune4.25. Sputtering was continued

until the change in V intensity was minimal. The V surface abundance before sputtering was
denoted as 100%. The V surface abundance in bothd2@%cycle samples was observed to

drop rapidly in the early stages of sputtering and then decrease gradually before reaching the

sputtert a i | regi me, I . e.
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surface abundance. A sputter dose of k.82 jons/cnf was used to sputter away 50% of V
atoms from the surface of the -BQcle sample. In contrast, a sputter dose of
6.36x 10'° jons/cnt was used for that in the #ycle sample. Therefore, the sputter dose ratio

to sputter away 50% of the V surface atoms was approximately 1:4 for the 20:75 cycle sample.
Furthermore, the sputter tail was reached in the 20 aroydl® samples after sputtdoses of
approximately 10 2.0 and 40x 10* ions/cnft, respectively. As this data was acquired after
regular sputteringntervals, implying layeby-layer removal of V@, the deposition thickness

in the 20cycle sample was concluded to be approximatelyquaeter of that in the #&ycle

sample. This was consistent with the expected eyefeendent ALD growth.
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Figure 425: The surface abundance of V as a function of sputter dosekedAr" beam in samples
prepared using (a) 20 and (b) 75 ALD cycles onifédfed Si@powder.
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(ii) Inductively Coupled Plasm#@ptical Emission Spectroscopy (ICBES) Analysis
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Figure 426: ICROES measurements of Al and V elemental concentrations plotted as a function of the
number of ALD cycles.

ICP-OES detected Al and V elemental concentrations in all six samples prepared using 1 to 75
VOxy cycles (analytical details i8.3.7). A consistent amount of Al, 1440 £ 200 mg/kg, was
detected in all samples, validating n&entical AbOs deposition during prd MA doses. The
amount of V in the samples demonstrated an overall increasing trend, confirming an increase
in VOx deposition with the number of ALD cycles. However, the V plot suggested that the
growth rate of VQ varied across the investigated @ c¢hnge (indicated by 1, 2 and 3 in
Figure4.26). The amount of V incorporation was lower for the first 55\¢§cles, followed by

a jump at 10 cycles and a steady incorporation of Bfkg per ALD cycle until 75 VO

cycles. This pattern was in close agreement with the V surface abundance observed in LEIS

analysis Figure4.24), suggesting deposition of homogeneous,\é@atings on TMAtreated
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SiO,. The ICROES results also supported the claim that the, YXOD process exhibited
delayed growth, with a nucleation regime lasting up to 10 ALD cycles.

V incorporation of 223 200mg/kg was observed for the sample prepared with 1 MM
cycle. This was comparable to the amount of V detectet2i.4(i), 242+ 200mg/kg. In
4.2.2.4(i), SIG powder was subjected to 50 VTIP cycles after 2MA pre-doses, and a single
VOx cycle deposition was expected under -figliting conditions. The comparable results
validated the effectiveness of using TMA as a getter and confirmed tHarsgifg nature of

the process.

4.2.2.6 Annealing Study

The 20 and 7&ycle samples were annealed at 8CCor 2 hours in air in a tube furng@nd
the effects on the crystallinity and morphology of Mi&position were analysed using XRD
and SEM.These annealing conditiongesulted in the formation o¥,0s nanorodsfrom
amorphous V@films on higherloaded(1000ALD cycles)flat samplsin 4.2.1.2 Hence, the
presenstudyexaming whether the same thermal treatment would also indysallisation

or morphological evolution isubstantially lowetoaded VQ films on powder substrates.

(i) X-ray diffraction (XRD)

XRD was used to analyse bare $#nd annealed 20 and-£§cle samplesRjgure4.27). The

analysis was conducted as describegl3r8 According to the results obtaineddir2.1.2 (i) the

formation of \AOs was expected on annealing. Multiple diffraction peaks corresponding to

V.05 were observed in the #&cle samplé® However, no diffraction peaks were observed in

the 20cycle sample, suggesting that it lacked lwagge order. This observation can be
attributed to relatively thin VOdeposition in the 2@ycle sample compared to thB-Gycle

sample. For the 7Bycle sample, the most prominent peak at 26.2 d ) correspond
V205 (110)° A crystallite size of 93im was calculated using the Deb§eherrer formula for

the (110) peak3(3.3.
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Figure 427: XRD patterns of bare Siénd 20 and 7&ycle samples annealed at 680 for 2 hours in
air.
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(i) Scanning Electron Microscopy (SEM)

The asgrown (AG) and annealed 20 and-GY¥cle samples were analysed with SEM, as
explained irB.3.4(Figure4.28). No change in the morphology of Si@as observed in the AG
samples as compared to that of bare>J&®.3.2(ii)). According to the results obtained in
4.2.1.2 (ii) V20s rods were expected after annealing. However, instead of rods, nanoneedles
with widths ~950m and lengths ~1% mwere observed locally in the annealedcysle
sample. This was in correlation with the XRD results. It coeldibe to different amounts of

VOyx deposited in both experiments. The localised presence of these nanoneedles can be
attributed to nucleation zones in the sample, as were sdeniir? (ii) In contrast, for the 20

cycle sample, circular features were observed on the surface pp&ii@les after annealing
(indicated with arrows iFigure4.28). These features appeared as aggregates 9fi€ly due

to a relatively smaller amount of deposition in this sample compared to 4hyeelESsample.

The features exhibited sutanometer thickness, consistent with the XRD results.

Annealed

20 Cycles

75 Cycles

Figure 428: Scanning electron micrographs of@®wn and annealed 20 and ycle samples.
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4.3 Conclusion

This chapter has detailed the systematic development and optimisation of an atomic layer
deposition process for vanadium oxide '@sing VTIP and EO. Initially, the process was
established on Si wafers, which provided a critical reference for subsequent process
development on powder substrates. Analyses confirmed thénsiéilig growth of smooth,
amorphous V@films on Si wafers at 150C, with a GPC of ~02A, which crystallise into

V205 rods upon annealing above 4WD. The process was transferreal powders by
incorporating a powder adapter into the reactor, effectively modifying the overall chamber
geometry. The powder ALD process development was carried outOpgdwder, as a model
substrate. An irsitu RROES residual gas analyser proved instrumental in process
development, in determining initial powder degassing and identifying precursor and gas flow
rates through the powder setup. Notably,-rd&al depositions/ere observed during the initial
attempts, which manifested interconnected powdleD challenges. Carefully designed
experiments confirmedbackstreaming from the pump and moisture outgassing from the
powder under the deposition conditiassignificant causes of parasitic CMke growths in
powders, resulting in the loss of atorsicale precision in powder ALDA shift in the ALD
window was also identifieavith the powder adapter reactor configuration, resulting in €VD
like reactions at the operating temperature of AG0Inadequate fluidisation was recognised

to cause nowiniform demsition across the powder bed.

Mitigation strategies were developed to address the causes -@feadnALD in powders.
Firstly, Ar gas was used to maintain unidirectional flow and suppress backflow from the pump
during deposition on powdendext,the ALD temperature window for the powder ALD reactor
configuration was verifiedand depositions wereconducted withinit. Crucially, a novel
chemical gettering step using TMA pdeses was developed to consume residual moisture in

the system and effectively suppress outgassing from the powder. This strategy deposited a
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passivating AlOs layer on the powder particles, preventing subsequent moistiigassing

under vacuum condition3he passivating layer algwevented moisturscom getting trapped

in thehigh-surfacearea powder duringl2O dosng, enabling seHimiting growth of the target
material(\VVOx in this case)Finally, an adequate fluidisation condition was achieved by creating

a pressure differential along the powder chambers using mismatchesizmofiéter frits at the

gas entrance and exit. Hence, only the purge gasritevadjustment is required to achge
adequate fluidisation in different powder systems. LEIS analysis confirmed the effectiveness
of the strategies and validated the cyidpendent deposition of V@n the AbOs powder.

The optimised protocol was applied to Sfg@wder, a different powder system, to validate the
process robustness. Despite its lower surface area, outgassing was also confirmegd for SiO
powder, reinforcing the necessity of the chemical getter. The number of TMA doses was
optimised for Si@, and minor adjustments were made to the flow rate before preparing a series
of samples for a systematic study. Detailed analysis using LEIS anr@ESPconfirmed that

the process exhibited delayed growth until 10,\MDD cycles. Subsequently, a linear, self
limiting, cycle-dependent growth was achieved on Siowder.

Annealing studies using XRD and SHBDX suggested that the growth conditions yielded
uniform amorphous VQfilms. The film crystallises into a mixed2®s and VQ phase, with

V205 being dominant, when annealed in air at temperatures aboV&400e crystallisation
results in dewetting of the films and the formation of discrete rods or needles, whose widths
were noted to depend on the annealing temperature and thickness ofasieeddpm.

In summary, this work has successfully investigated the challenges of powder ALD and
developed an easily transferable protocol for achieving ateaale, precise depositions for
different powder systems. This chapter provides a solid foundation fordbisipn synthesis

of supported catalysts using ALD, which will be evaluated in the subsequent chapters.
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Chapter 5

Nanoengineering of Mixed Metal Oxide Catalysts by ALD for

Synthesising Green Maleic Anhydride

185



5.1 Introduction

Over thepast decadeQjeda Zhang, a n dese&dgroums have snkiwidaadly
developed catalysts fmroduce maleic anhydride (MA), a platform chemical, fromlmsed,
sustainable sourcés.Mahmoud et al. proposed a Digdder cycloaddition and dehydration

of MA and furan using acid resin catalysts for the green productiaimtioélic anhydrid¢PA).4
Dengb6s group also reported green -pasedflimact i on
and MA® PA is a highly versatile organic compound for lasgale industrial applications.

The most significant application is the production of plasticisers, which are added to plastics
such aPVC, to enhance their flexibility and durabiliyPA is also used in the production of
unsaturated polyester resins (UPRs) and alkyd resins, which are used in fibreigfassed
plastics, coatings and paints in the auttive, industrial, and architectural sectbMoreover,

PA is used in manufacturing dyes and pigments for the textile induShg industriaiscale
production of PA began in the 1900s from naphthalene and in the 1950s-kyglene, both

using vanadium pentoxide §@s) catalyst for the oxidation reactidnBut the traditional
petroleumbased synthesis methods of Rdve raised serious environmental and sustainability
concerng'% driving research in developinrenewable PA synthesising routdsa et al.
demonstrated orpot production of PA from biderived 5hydroxymethylfurfural (HMF)

using MoQ/Cu(NGs) catalyst'! However, its industrial application is limitdxy the use of
K2S:0s as the sacrificial agent in the process and thadale synthesis of HME Thus, the
multi-step DielsAlder cycloaddition and dehydration of MA and furs@emed a promising

route forindustriatscale green production of PA.

"IPCC. Climate change 2022: impacts, adaptation and vulnerability. Working group Il contribution to the sixth
assessment report. Geneva: IPCC [Internet]; 2022. [cited 2025 Jan 1]. Available from:
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf
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Alonso-Fagundez et al. demonstrated the production of maleic anhydride (MA) and furan from
bio-derived furfural (FUR) using a WAI20z3 catalyst which canin turn be used for the
producton of PAI n t he meant i me, Zhangés group al so
MA from bio-derived FUR using various heterogeneous catalytic systems and reported 100%
conversion and a maximum vyield of 62% over a binary metal oxide catalysy/Qdo’

Foll owing that, Rosseinskybés group investig
synthesising supported Ma®>0s/Al.O3 catalysts using various wehemistry and solid

state mechanochemical methddghey achieved a maximum meersion of 95% of FUR and

41% yield of MA after optimising the reaction parameters and loadings@fand MoQ on

Al,03.2 They also conducted leaching studies to assess catalyst stability and reported partial
leaching of 11%, 18.4% and 0.9% of vanadium, molybdenum, and aluminium, respectively.

The cause of | eaching wWaevertbdessjthmensights frogiéheire d i n
systematic characterisation and testing suggested that the ternary oxide A\&veqQuired

to support the activity; however, further investigation is needed to determine the local structure

of the ideal site for MA productioh.

Mixed metal oxide
nucleation cluster

Figure 51: Schematic of mixed metal oxide nucleation cluster

i perplexity Al. Perplexity [Digital art]. Sarancisco: Perplexity Al; 2026tgd 2026 May 20]Generated using
i KS LINakelal§cviematic of mixed metal oxidecleationcluste ®
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In this chapter, the powder ALD protocol developeg@iapter vas used to synthesise mixed

metal oxide (MeV-Al oxide) catalysts with atomis c al e pr eci si on. ALDOS
was leveraged to achieve the MeA|l o xi de mi xed phases and to
sites. MolybdenuntVI) bis(tertbutylimido)-bis(dimethylamido), Mo(t-BuN)2(NMe2)2, was

chosen as the molybdenum precuyssrits reported ALRBemperature window of 5200°C

(with Oz-plasma)*!* included 120°C, at which the powder ALD process for Y@as
optimised Both VO, and MoQ depositionsn Mo-V-Al oxide catalystsvere conducted ithe
nucleation regimeto create highly active sité3,as elaborated irFigure5.1, which was
generated using Perplexity AThe ALD-prepared catalysts were evaluated for their catalytic
performance in the selective oxidation of FUR to MA using the reaction condijinsised

by Ros s ei nTh&efféctsof bglk amdisprface compositimm activity and selectivity

wasalsoevaluated in this chapter.

188



5.2 Results

5.2.1 Challenges in Plasmknhanced ALD (PEALD) Process

It was practically more viable to use the same oxidant during the ALD eV Mb oxide.
Therefore, HO doses in the VOpowder ALD recipe optimised on the Si@owder were
swapped with a 28 O-plasma dose, resulting inppasmaenhancegowder ALD (PEALD)

recipe (see sectiod.2.4.2(ii) for recipe details). For testing this recipe, an experiment was
conducted using 50 V\cycles at 120C, with 300mg of SiQ in the powder adapter. The

VOyx deposition was readily confirmed as the powder developed a grey colour after the
experiment. However, it was observed that the®i@vder caked up, especially on the walls

of the powder chambers and along the edges of the bottom filter frits, resulting in a highly non
uniform deposition across the powder bedre5.2). Caking prevented the uniformposure

of all particles to the precursors, resulting in uncoated chunks of powder. The extent of caking
and, hence, the proportion of raniformity in deposition, detected visually based on the
varying tints of the powder, was observed to increase wehniimber of ALD cycles.
Approximately <10% caking was observed after 20 PEALD cycles, and that3§%0vas
observed after 50 cycles. It was critical to mitigate the caking problem and to determine the
acceptable percentage of Roniformity for the reabation of a reliable and reproducible

powder ALD process.
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Figure 52: Images of the powder chamber with S&fter completion of 50/ Q. PEALD cycles at 120
(a) powder chamber just opened (top filter frit removed), (b)fite&ing powder decanted.

The caking was attributed to electrostatic charging of the dielectrig [®i®@der particles,

which caused them to adhere strongly to each other and to the chamber walls. The static charge
build-up on the powder most likely occurred due to its fluidisation under low pressure and dry
conditions. To test this hypothesis, the reaatas periodically vented, allowing ambient air to

enter the reactor after every 10 cycles for a total of 50 PEALD cycles. Subsequently, the
flowability improved dramatically, visubl resulting in more than 90% of the powder
exhibiting a uniform grey tint, as shown figure5.3 (a). It was understood that the moisture
content in the air helped dissipate the charge, a conclusion supported by comparable findings

in the literature®17i

i Allen RC. Humidity and ESD control [Internet]. Marlboro (MA): ESD Systems, Desco Industries Inc.; 1998.
[cited 2025 Nov 23]. Available frornttp://esdsystems.descoindustries.com/whitepapers/wp _humidity.html
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Figure 53: Images of the powder chamber with Si@p filter frit removed) after completion of
(a) 50 VQ PEALD cycles with periodic venting of the chamber every 10 cycles, and (R)PEAVD
cycles with periodic introduction of a-8@% HO dose every 20 cycles.

Thus, a 10% nowmniformity in the deposition was set as an acceptable benchmark to progress
the work. Therefore, depositions obtained by executing 20 PEALD cycles (without exposure
to air) weredeemed reliable. However, to achieve the benchmark for deposition processes
involving more than 20 cycles and to avoid repeatedly breaking the vacuum, a conts@lled H
dose of 30 milliseconds was introduced into the reactor at the end of every 20 cycles, followed
by a 4minute purge, as detailed $12.4.2(ii). This approach successfully mitigated static
charge builedup and caking, resulting in reproducible and uniform depositions, as shown in
Figure5.3(b). This strategy of introducing an.8 dose was incorporated in the PE powder
ALD process to achieve controlled depositions and synthesisgeegtation catalysts in the

remaining chapter.
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5.2.2 Individual Growth Study for PEALD of VQand MoQ;

To test the PE powder ALD process for ¥&hd MoQ, depositions were carried out at 172D

by varying the number of cycles from 10 to 80 and 7 to 150, respectively. The experiments
were conducted with approximately 30@ of SiQ powder in the adapter (recipe details in
3.2.4.2(ii)). Deposition thicknesses on witness Si wafers were measured using an ellipsometer
to determine the growth of MGand MoQ in the experiments without direct analysis of the
powder. ICPOES and LEIS were used to analyse V and Mo elemental concentrations and
surface coverage in ¢hSiQ powder as a function of the number of PEALD cycles. The
analyses in this section focused on the samples prepared with lower cycle numbers, as the end
goal of this work is to synthesise mixed MGAI oxide catalysts, which would require
frequently alternang metal oxide cycles, i.e. very few cycles of ¥@ MoOx at once.
Deposition experiments exhibiting anomalous results were repeated in duplicate to verify

reproducibility and ensure data rigour.

5.2.2.1 Ellipsometry measurements

In each experiment, two Si witness wafers were used, which were piabedcavity between

the powder chambers and on the plaien, beforeand after the powder bddt positionsl

and 2,respectivelyin Figure5.4). The ellipsometry thickness measurements were conducted
for these placementss explained ir8.3.2 for both VQ and MoQ, and are plotted in

Figure5.4(a) and (b), respectively.
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Figure 54. Schematic of the reactor chamber with powder adapter and plasma generator showing
placement of Si wafers (1 and 2) in the experiment.

For both VQ and MoQ, growth per cycle (GPC) for wafers placed before the powder bed
differed by more than an order of magnitude from that obtained for wafers placed after.
Furthermore, for V@ the growth per cycle (GPC) before the powder bed was observed to vary
over the range of inspected cycl&gy(re5.5 (a)). For the initial 20 PEALD cycles, the GPC
was ~1.3A/cycle and then increased t& 4 /cycle as the number of cycles increased from 20
to 80. Musschoott al. have reported similar GPC values for the same set of precursors at
deposition temperatures of ~250 and 3G0Qrespectively, which were outside the 50 to 200

ALD window for the Q-plasma proces®.The GPC after the powder bed was ~8/2ycle,

which was lower than the reported value of A/Bycle at 120°C.2° For MoQ, steady growth

was observed on both before and afiaced wafers as the number of PEALD cycles was
varied from 7 to 150Rjgure5.5 (b)). GPCs of 2A/cycle and 0.1%\/cycle wereobserved on the
respective sets of wafers. The GPC for the befaaters matched that reported in the literature
for growth temperatures higher than 285) whereas the aftevafer GPC was lower than any

reported value¥-!%2!
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