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Abstract 

Replacing the unsustainable virgin petrochemical-derived 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 often incompatible with 

renewable feedstocks, as they exhibit poor selectivity and are prone to deactivation under the 

operating conditions required for bio-based processes. Atomic layer deposition (ALD), which 

enables atomic-scale, precise deposition, was explored in this thesis to nanoengineer advanced 

yet cost-effective catalysts for renewable feedstock applications. 

Depositions were conducted on low-cost, earth-abundant, sustainable support particles using a 

bespoke pulsed fluidised-bed-style powder adapter in an OpAL reactor. Investigations revealed 

that back-streaming from the pump, a shift in the reactor configuration, extended outgassing 

from the powder, and inadequate fluidisation caused non-uniform and non-ALD depositions 

on the powders. Mitigation strategies ensured atomic-scale, precise deposition on powders by 

maintaining unidirectional flow, operating within the ALD temperature window, suppressing 

gaseous outgassing from powders, and ensuring uniform gas exposure of all particles. 

A series of engineered, supported mixed metal oxide catalysts (Mo-V-Al oxide) was prepared 

and evaluated for the green production of maleic anhydride from bio-derived furfural. Catalytic 

activity in light of the mechanistic insights gained using ICP-OES, LEIS, and STEM-EDX 

revealed that a 93.7% furfural conversion was achieved when the surface was V-rich, contained 

a high number density of nucleation clusters (2 nm), exhibited an elemental mass ratio of 37:1 

for V:Mo, and was loaded with only 0.26 wt% V, 0.007 wt% Mo and 0.22 wt% Al. These 

results demonstrated ALDôs unprecedented engineering precision and metal utilisation 

capability. 

Advanced catalytic supports for Fischer-Tropsch catalysis were prepared by incorporating 

shells of Al2O3 and TiO2 onto high-surface-area coconut-shell-derived washed activated carbon 
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(WAC) cores using ALD. The incorporation of Al2O3 shell enhanced the thermal stability of 

WAC without altering its morphology. TiO2 shell was incorporated to facilitate strong metal-

support interactions, ensuring dispersion of the active metals on the support and preventing 

sintering during high-temperature reduction. TiO2 shells 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, and STEM-EDX revealed deposition of 

crystalline anatase and brookite TiO2 nanorods on Al2O3-modified WAC, a noteworthy 

outcome achieved at low deposition temperature of 120 ÁC. 

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 nanoengineering next-generation, 

advanced catalysts with tunable properties for a circular chemical economy. 

Keywords: atomic layer deposition; powder ALD; atomic-scale precision; advanced catalysts; 

renewable feedstocks   



iii 
 

Acknowledgements 

This work was supported by the Engineering and Physical Sciences Research Council (EPSRC) 

[grant number EP/V038117/1] as part of the óCleaner Futuresô Prosperity Partnership between 

Unilever and University of Liverpool. 

I want to express my sincere gratitude to Dr Richard Potter for his guidance, encouragement 

and thoughtful feedback throughout this PhD journey. His academic insight, patience, and 

support were invaluable at every stage of this work. 

I am also deeply grateful to Prof. Matthew Rosseinsky, Prof. Paul Chalker, and Dr Troy 

Manning for their constructive suggestions and continued support. Their perspective and 

expertise greatly strengthened this thesis. 

I would like to thank my Independent Progress Assessment Panel (IPAP) assessors, Prof. Kate 

Black, Dr Laura Corner, and Dr Hay Wong, for their constructive feedback and oversight 

during my annual reviews. 

I am especially thankful to my colleagues in the Department of Materials, Design and 

Manufacturing Engineering for the many discussions and camaraderie that made this journey 

more meaningful. In particular, I would like to thank Dr Benjamin Peek, Ms Eman Al Ahmad, 

and Mr Benjamin McMitchell for their constant encouragement. I am also deeply grateful to 

Mr Dave Atkinson, though now retired, whose technical expertise and support were invaluable 

in accomplishing this work. 

My heartfelt gratitude goes to my family, especially my mother, Nilofer, my father, Kamran, 

my beloved husband, Umar, and my dearest brother, Zoyeb, for their unwavering support, 

prayers, patience, and belief in me. 

A special note of affection goes to my cat, Amanah, whose purrfect companionship brought 

comfort and warmth during long and demanding phases of this journey. 

Finally, I offer my thanks to everyone who, in one way or another, contributed to this work. 



iv 
 

Table of Contents 

Chapter 1 ............................................................................................................................................... 1 

Introduction ............................................................................................................................................. 1 

1.1 Context .................................................................................................................................. 2 

1.2 Atomic Layer Deposition (ALD) for Synthesising Advanced Catalysts ............................... 4 

1.3 Research Gaps ....................................................................................................................... 5 

1.4 Research Objectives .............................................................................................................. 6 

1.5 Roadmap ................................................................................................................................ 7 

1.6 References ............................................................................................................................. 9 

Chapter 2 ............................................................................................................................................. 14 

Literature Review .................................................................................................................................. 14 

2.1 Introduction ................................................................................................................................. 15 

2.2 Motivation and Context .............................................................................................................. 16 

2.2.1 Global Climate Challenges and Fossil Resource Scarcity .................................................... 16 

2.2.2 Renewable Alternatives and Associated Challenges ............................................................ 17 

2.2.3 Strategies for Designing Advanced Catalysts for Renewable Feedstocks ............................ 18 

    2.3 Atomic Layer Deposition (ALD) ................................................................................................ 21 

2.3.1 Basics of ALD ...................................................................................................................... 21 

2.4 ALD for Next-generation Advanced Catalysts ........................................................................... 27 

2.4.1 Early Development in Using ALD for Catalysts .................................................................. 27 

2.4.2 Recent Advances: ALD Catalysts for Renewable Feedstocks .............................................. 28 

2.5 Reactor Concepts for Powder ALD ............................................................................................ 43 

2.5.1 Static and Fixed Bed Reactors .............................................................................................. 43 

2.5.2 Rotary Reactors..................................................................................................................... 44 

2.5.3 Fluidised Bed Reactors ......................................................................................................... 46 

2.5.4 Pulsed Bed Reactors ............................................................................................................. 47 

2.5.5 Spatial Reactors .................................................................................................................... 49 

2.6 ALD of Metal Oxide ................................................................................................................... 51 

2.6.1 ALD of TiO2 ......................................................................................................................... 52 

2.6.2 ALD of VOx .......................................................................................................................... 53 

2.6.3 ALD of MoOx ....................................................................................................................... 54 

2.7 Synthesis and Research Gaps ...................................................................................................... 56 

2.7.1 Inconsistent Deposition Claims in Powder ALD .................................................................. 56 

2.7.2 Mechanistic Understanding in Catalysis ............................................................................... 56 

2.7.3 Applications of ALD in Renewable Conversions ................................................................. 57 

2.7 References ................................................................................................................................... 58 



v 
 

Chapter 3 ............................................................................................................................................. 74 

Experimental Methodology .................................................................................................................. 74 

3.1 Introduction ................................................................................................................................. 75 

3.2 ALD Experimental ...................................................................................................................... 76 

3.2.1 ALD Reactor Configuration ................................................................................................. 76 

3.2.2 Precursor and Oxidant Systems ............................................................................................ 82 

3.2.3 Substrate Specifications ........................................................................................................ 88 

3.2.4 ALD Recipes ........................................................................................................................ 96 

3.3 Characterisation Techniques and Data Analysis ....................................................................... 103 

3.3.1 Remote Plasma Optical Emission Spectroscopy (RP-OES) ............................................... 103 

3.3.2 Ellipsometry ........................................................................................................................ 104 

3.3.3 X-ray Diffraction (XRD) .................................................................................................... 105 

3.3.4 Scanning Electron Microscopy with Energy Dispersive X ray Spectroscopy (SEM-EDX)

 ..................................................................................................................................................... 107 

3.3.5 Scanning Transmission Electron Microscopy Energy Dispersive X-ray Spectroscopy 

(STEM-EDX) .............................................................................................................................. 108 

3.3.6 Low Energy Ion Scattering (LEIS) ..................................................................................... 110 

3.3.7 Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) ......................... 112 

3.3.8 N2 (Nitrogen) Adsorption Analysis .................................................................................... 114 

3.3.9 Thermogravimetric Analysis (TGA)................................................................................... 117 

3.3.10 Raman Spectroscopy......................................................................................................... 118 

3.3.11 Evaluation of Catalytic Performance Testing ................................................................... 119 

3.4 References ................................................................................................................................. 122 

Chapter 4 ........................................................................................................................................... 126 

Powder ALD Process Optimisation: Analysing Challenges and Corresponding Mitigation Strategies

 ............................................................................................................................................................ 126 

4.1 Introduction ............................................................................................................................... 127 

4.2 Results ....................................................................................................................................... 129 

4.2.1 Process Development for ALD of VOx on Flat Substrates ................................................. 129 

4.2.2 Transferring the VOx Deposition Process onto Powders .................................................... 139 

4.3 Conclusion ................................................................................................................................ 175 

4.4 References ................................................................................................................................. 177 

Chapter 5 ........................................................................................................................................... 185 

Nanoengineering of Mixed Metal Oxide Catalysts by ALD for Synthesising Green Maleic Anhydride

 ............................................................................................................................................................ 185 

5.1 Introduction ............................................................................................................................... 186 

5.2 Results ....................................................................................................................................... 189 

5.2.1 Challenges in Plasma-Enhanced ALD (PEALD) Process .................................................. 189 



vi 
 

5.2.2 Individual Growth Study for PEALD of VOx and MoOx ................................................... 192 

5.2.3 Nanoengineering Supported Mixed Metal Oxides Catalysts, (Mo-V-Al)Ox/SiO2 ............. 200 

5.2.4 Determining the Plasma Contribution ................................................................................ 219 

5.3 Conclusion ................................................................................................................................ 221 

5.4 References ................................................................................................................................. 223 

Chapter 6 ........................................................................................................................................... 227 

Using Atomic Layer Deposition (ALD) to Prepare Advanced Supports for Fischer-Tropsch Catalysts

 ............................................................................................................................................................ 227 

6.1 Introduction ............................................................................................................................... 228 

6.2 Results ....................................................................................................................................... 231 

6.2.1 Degassing and Incorporation of Al2O3 Shell on WAC ....................................................... 231 

6.2.2 Incorporation of Titania (TiO2) Shell on WAC using TiO2 ALD Cycles ........................... 238 

6.3 Conclusion ................................................................................................................................ 253 

6.4 References ................................................................................................................................. 254 

Chapter 7 ........................................................................................................................................... 258 

Conclusion and Future Work .............................................................................................................. 258 

7.1 Summary of Key Findings ........................................................................................................ 259 

7.2 Original Contributions to Knowledge ....................................................................................... 262 

7.3 Research Limitations of this Thesis and Future Work .............................................................. 263 

 

 

 

  



vii 
 

List of Figures 

Figure 2.1: 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 time-sequenced or spatially separated. ............................................ 21 

Figure 2.2: (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 (GPC), (b) Growth rate (GPC) as a 

function of temperature and the existence of an ALD temperature window where the GPC remains 

constant with temperature, (c) Typical saturation curves corresponding to the self-limited surface 

reactions when operating within the ALD temperature window. ......................................................... 23 

Figure 2.3: Schematic of the three most basic modes of thin-film growth by vapour deposition. ....... 24 

Figure 2.4: Cross-sectional SEM image of an Al2O3 ALD film with a thickness of 300 nm on a Si 

wafer with a trench structure. ............................................................................................................... 25 

Figure 2.5: Database of ALD processes in AtomicLimits. ................................................................... 25 

Figure 2.6: SEM images of SrTiO3 (001) nanocubes (a) before and (b) after coating with Pt 

nanoparticles using three Pt ALD growth cycles. ................................................................................. 28 

Figure 2.7: ALDôs incorporation into the synthesis of catalysts for renewable applications through 

five design strategies. ............................................................................................................................ 29 

Figure 2.8: HAADF-STEM images of Pt/GNS samples. (a, b, c) present the results with 50, 100, and 

150 ALD cycles, respectively, and (aô, bô, cô) show the corresponding magnified images. The inset in 

each figure shows the corresponding histogram of Pt on GNS. ........................................................... 31 

Figure 2.9: (a) DRM reforming rates as a function of time for Ni IW and Ni ALD catalysts at 600 °C. 

Both porous and nanosphere Al2O3 supports were used for the Ni ALD catalysts. (b) TEM image 

showing carbon whiskers on the Ni IW catalyst supported on porous Al2O3 after 36 h on-stream. 

(c) TEM image of Ni ALD catalysts on nonporous Al2O3 spheres after 72 h of DRM at 600 ǓC. ........ 33 

Figure 2.10: TEM images of ALD-prepared catalysts. ........................................................................ 34 

Figure 2.11: Schematics of thermally stable Pd SACs synthesised using ALD. (a) Depositing Pd(hfac) 

on Al2O3 substrate, (b) creating nanocavity structures using TiO2 ALD, and (c) removing -hfac 

ligands using formalin. ......................................................................................................................... 35 

Figure 2.12: Methanol conversion as a function of ALD TiO2 cycles in the methanol decomposition 

reaction, with error ± 10%. .................................................................................................................. 36 

Figure 2.13: (a) A schematic model of Al2O3 deposition at low coordination sites. (b) Gas-phase 

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

conversion. ............................................................................................................................................ 37 

Figure 2.14: STEM-EDX maps of Pd nanoparticles on the thermally treated 0.5 wt% Pd/TiO2 

catalysts when (a) uncoated and (b) coated with 100 mg of Al2O3. ...................................................... 38 



viii 
 

Figure 2.15: TEM images of (a) TiO2/Ni particles and (b) MgO/Ni particles prepared by applying 

500 and 200 cycles of ALD, respectively. ............................................................................................. 39 

Figure 2.16: Schematic of the various deactivation behaviours during DRM. .................................... 39 

Figure 2.17: HRTEM images showing crystalline Co0.85Fe2.15O4 film on ZrO2 particles. ................... 41 

Figure 2.18: Peak H2 rates of ALD-prepared catalysts as a function of temperature compared to 

those documented in the literature. ....................................................................................................... 41 

Figure 2.19: Cross-sectional schematics of (a) static bed reactor and (b) fixed-bed reactor (with 

magnetic suspension balance). ............................................................................................................. 44 

Figure 2.20: Schematic of the rotary reactor for powder ALD. ........................................................... 45 

Figure 2.21: Schematic of the fluidised-bed ALD reactor. .................................................................. 47 

Figure 2.22: Schematic of pulsed bed powder ALD reactor concept, where solenoid-actuated Vm and 

Vp valves enable the pulsing. ................................................................................................................. 49 

Figure 2.23: Computer-aided design (CAD) model of the continuous vibrating bed ALD reactor. .... 50 

Figure 3.1: Schematic of OpAL ALD reactor. ...................................................................................... 77 

Figure 3.2: Pneumatic valve control system. ....................................................................................... 78 

Figure 3.3: (a) Side view schematic of the powder adapter, (b) Powder adapter installed under the 

reactorôs lid. .......................................................................................................................................... 79 

Figure 3.4: Pressure variation above the powder adapter as a function of Ar purge gas flow rate. ... 80 

Figure 3.5: (a) Plasma generation with a hollow cathode. .................................................................. 81 

Figure 3.6: (a) VO(Oi-Pr)3 molecule, Schematics of (b) a one-leg precursor bottle for vapour-draw 

precursor delivery, (c) an in-house fabricated two-leg bubbler for vapour-push precursor delivery.

 ............................................................................................................................................................ 833 

Figure 3.7: Mo(t-BuN)2(NMe2)2 molecule, (b) Schematic of a two-leg bubbler with one leg immersed 

in the liquid precursor for precursor delivery through bubbling action............................................... 84 

Figure 3.8: Ti(Oi-Pr)4 molecule. .......................................................................................................... 85 

Figure 3.9: AlMe3 molecule.................................................................................................................. 86 

Figure 3.10: (a) Top-view schematic of the open chamber of the OpAL reactor, (b) Photograph of the 

powder adapter after unoptimized 20 VOx ALD cycles on SiO2 powder (carried out with the same 

pore size (25 ɛm) upper and lower frits), showing placement of the Si wafer in the cavity between the 

powder chambers. ................................................................................................................................. 89 

Figure 3.11: (a) N2 gas adsorption/desorption isotherms, and (b) pore size distribution for Al2O3 

powder substrate. .................................................................................................................................. 90 

Figure 3.12: Scanning electron micrographs of Al2O3 powder at different magnifications. ............... 91 

Figure 3.13: N2 gas adsorption/desorption isotherms for SiO2 powder substrate. .............................. 92 

Figure 3.14: Scanning electron micrographs of SiO2 powder at different magnifications. ................. 93 

Figure 3.15: N2 gas adsorption/desorption isotherms for washed activated carbon (WAC) granules.94 



ix 
 

Figure 3.16: (a), (b), (c) Scanning electron micrographs of washed activated carbon (WAC) granules 

at different magnifications showing their varying surface morphologies and (d) energy dispersive 

X ray spectrum of (c). ........................................................................................................................... 95 

Figure 3.17: ALD cycle for deposition of VOx on Si wafers under standard reactor configuration. ... 96 

Figure 3.18: ALD cycle for the deposition of VOx on Al2O3 powder during preliminary experiments 

(with the powder adapter in the reactor). ............................................................................................. 97 

Figure 3.19: Optimised powder ALD cycle with added degassing and TMA pre-dosing (chemical 

gettering) cycles. Variables N, n1, n2, m1, and m2 were varied based on substrate characterisation. 

Variables (t, d, p1, p2, n2 and m2) in the Oxidant ALD half-cycle were adjusted for different oxidant 

sources. ............................................................................................................................................... 100 

Figure 3.20: Spectrum detected by Optix gas sensor for Isopropanol. .............................................. 104 

Figure 3.21: LEIS spectra after 20 VOx ALD cycles on Al2O3-coated SiO2 powder, showing C, O, 

Al/Si and V surface peaks and their corresponding shoulders on the low-energy side before and after 

cleaning the surface with O2 plasma. .................................................................................................. 111 

Figure 3.22: IUPAC classification of N2 gas adsorption isotherms. .................................................. 115 

Figure 4.1: Growth per cycle (GPC) as a function of the number of reactant doses on Si wafers at 

150 °C for 200 cycles: (a) with 50-ms H2O doses (number of VTIP doses fixed to 5) and (b) with 250-

ms VTIP doses (number of H2O doses fixed to 15 with 7-s purge). Two consecutive doses were 

separated by 1 s for both reactants. .................................................................................................... 130 

Figure 4.2: Ellipsometry thickness measurements with corresponding refractive indices as a function 

of the number of VOx ALD cycles on Si wafers at 150 °C................................................................... 131 

Figure 4.3: Relative deposition based on ellipsometry thickness measurements on Si wafers spread 

across the heated platen after 1000 VOx ALD cycles at 150 °C. ........................................................ 133 

Figure 4.4: XRD patterns for VOx-coated Si wafers with 1000 ALD cycles at 150 °C and annealed at 

temperatures ranging from 300 to 600 °C for 2 hours in air. ............................................................ 135 

Figure 4.5: Scanning electron micrographs of 1000-cycle VOx films on Si wafers in the (a) as-grown 

(AG) state and post-annealed state, with annealing temperatures of (b) 300, (c) 350, (d) 400, (e) 450, 

(f) 500, (g) 550 and (h) 600 °C. .......................................................................................................... 136 

Figure 4.6: Higher magnification SEM-EDX analysis of 1000-cycle VOx/SiO2 films annealed at (a) 

400, (b) 450 and (c) 600 °C. ............................................................................................................... 138 

Figure 4.7: Temperature evolution in the empty powder chamber when Tg = 150 °C and upper and 

lower chamber heaters = 120 °C with and without a constant Ar flow of 40 sccm. ........................... 140 

Figure 4.8: RP-OES detected partial pressures of OH and CO2
+, under constant pumping of the 

OpAL chamber with (a) empty and (b) 500 mg of Al2O3-loaded powder adapter. ............................. 143 

Figure 4.9: RP-OES detected overall chamber pressure and partial pressures of OH and H after a 

30-ms H2O dose (a) with standard reactor configuration (without the powder adapter) and (b) with 



x 
 

the powder adapter configuration (empty powder adapter fitted in chamber), under constant pumping.

 ............................................................................................................................................................ 145 

Figure 4.10: RP-OES detected overall chamber pressure and partial pressures of O, CH and Ar after 

a 500 ms VTIP dose with Ar carrier flow rates of 50 and 150 sccm under constant pumping (a) 

without and (b) with the powder adapter in the reactor chamber. ..................................................... 148 

Figure 4.11: Ellipsometry thickness measurements as a function of the number of VOx ALD cycles on 

witness Si wafers placed on the platen at 150 °C, with powder adapter either empty or loaded with 

300 mg of Al2O3 powder, annealed at 700 °C. .................................................................................... 150 

Figure 4.12: An optical microscope image of particles in the samples prepared using 50 VOx cycles 

on annealed Al2O3 powder. ................................................................................................................. 151 

Figure 4.13: (a) LEIS spectrum acquired from the annealed Al2O3 powder after it was subjected to 50 

VOx cycles, and distribution of (b) Al and (c) V across a probed area 2 x 2 mm, with the sample stuck 

on a carbon tape. ................................................................................................................................ 152 

Figure 4.14: Ellipsometry thickness measurements as a function of growth temperature on Si wafers 

placed on the heated platen after 200 powder ALD VOx cycles. ........................................................ 154 

Figure 4.15: Temperature evolution in the empty powder chamber when Tg, upper and lower 

chamber heaters were set to 120 °C, with a constant Ar flow of 40 sccm. ......................................... 155 

Figure 4.16: RP-OES detection of overall chamber pressure and partial pressures of OH and Ar 

during 7 VTIP cycles with 300 mg of Al2O3 in the powder adapter after initial degassing and 

temperature stabilisation with Tg = 120 °C. ...................................................................................... 157 

Figure 4.17: (a) Optical photograph and (b) LEIS analysis of VOx/Al2O3 sample prepared using 100 

cycles of the optimised powder ALD recipe from 3.2.4.1. .................................................................. 159 

Figure 4.18: (a) Optical photograph of the sample with 100 VOx cycles and (b) LEIS analysis of the 

samples prepared by 10, 30, 100 VOx cycles, using the optimised powder ALD recipe on 300 mg of 

annealed Al2O3 powder, which was fluidised in pulses between filter frits of mismatched pore sizes.

 ............................................................................................................................................................ 161 

Figure 4.19: (a) Optical images of SiO2 powder after 50 VTIP cycles without TMA doses (upper half) 

and with 200 TMA pre-doses (lower half), (b) ICP-OES measured elemental concentrations of V and 

Al in the sample prepared with 50 VTIP cycles after 200 TMA pre-doses. ........................................ 163 

Figure 4.20: Top filter frit images showing the side exposed to powder during 50 VOx ALD cycles 

using the highest Ar flows of (a) 400 sccm and (b) 200 sccm in the optimised ALD recipe. .............. 164 

Figure 4.21: SEM images of (a) SiO2 agglomerate and (b) development of fractures in the 

agglomerate during electron beam exposure. ..................................................................................... 165 

Figure 4.22: Optical image of the series of VOx/SiO2 samples prepared with 1, 5, 20, 50 and 75 ALD 

cycles at 120 °C. ................................................................................................................................. 166 

Figure 4.23: LEIS spectra of SiO2 samples prepared using 1, 5, 10, 20, 50, 75 VOx ALD cycles. .... 167 



xi 
 

Figure 4.24: Area under the surface peaks of Al/Si and V from the LEIS spectra are plotted as a 

function of the number of VOx ALD cycles. ........................................................................................ 168 

Figure 4.25: The surface abundance of V as a function of sputter doses of 1 keV Ar+ beam in samples 

prepared using (a) 20 and (b) 75 ALD cycles on TMA-treated SiO2 powder. .................................... 170 

Figure 4.26: ICP-OES measurements of Al and V elemental concentrations plotted as a function of 

the number of ALD cycles. .................................................................................................................. 171 

Figure 4.27:  XRD patterns of bare SiO2 and 20 and 75-cycle samples annealed at 600 °C for 2 hours 

in air. ................................................................................................................................................... 173 

Figure 4.28: Scanning electron micrographs of as-grown and annealed 20 and 75-cycle samples. . 174 

Figure 5.1: Schematic of mixed metal oxide nucleation cluster. ........................................................ 190 

Figure 5.2: Images of the powder chamber with SiO2 after completion of 50 VOx PEALD cycles at 

120 °C (a) powder chamber just opened (top filter frit removed), (b) free-flowing powder decanted.

 ............................................................................................................................................................ 190 

Figure 5.3: Images of the powder chamber with SiO2 (top filter frit removed) after completion of (a) 

50 VOx PEALD cycles with periodic venting of the chamber every 10 cycles, and (b) 60 VOx PEALD 

cycles with periodic introduction of a 30 ms H2O dose every 20 cycles. ............................................ 191 

Figure 5.4: Schematic of the reactor chamber with powder adapter and plasma generator showing 

placement of Si wafers (1 and 2) in the experiment. ........................................................................... 193 

Figure 5.5: Ellipsometry thickness measurements on Si witness wafers placed before and after the 

powder bed as a function of PEALD cycles for (a) VOx and (b) MoOx. ............................................. 194 

Figure 5.6: ICP-OES elemental concentration measurements for (a) V, Al and (b) Mo, Al in 

Al2O3/SiO2 powder as a function of the number of VOx and MoOx PEALD cycles, respectively. ...... 196 

Figure 5.7: LEIS spectra for powder samples prepared using 7, 10, 20, 40 and 60 MoOx PEALD 

cycles on TMA-treated SiO2. ............................................................................................................... 197 

Figure 5.8: LEIS surface composition analysis as a function of the number of MoOx PEALD cycles.

 ............................................................................................................................................................ 198 

Figure 5.9: ICP-OES elemental concentration measurements for V, Mo and Al in Mo-V-Al oxide 

catalyst samples prepared by varying VOx and MoOx cycle sequences. ............................................. 201 

Figure 5.10: LEIS spectra for Mo-V-Al oxide catalysts prepared using varying VOx and MoOx cycle 

sequences. (Inset) Magnified view of the Mo signal region (2550-2650 eV). ..................................... 203 

Figure 5.11: LEIS surface composition analysis of V, Al/Si and Mo in Mo-V-Al oxide samples 

prepared using varying VOx and MoOx cycle sequences. ................................................................... 205 

Figure 5.12: (Top) STEM images of the surface of a bare SiO2 particle. (Below) EDX spectrum of 

bare SiO2. ............................................................................................................................................ 207 

Figure 5.13: STEM images of the surface of a SiO2 particle in the 1V-1Mo sample. ........................ 209 

Figure 5.14: (Top) EDX elemental mapping and (bottom) EDX spectrum for the 1V-1Mo sample. . 210 



xii 
 

Figure 5.15: (Top) STEM images of the surface of a SiO2 particle in the 10V-10Mo sample. (Bottom) 

EDX elemental mapping of 10V-10Mo sample. .................................................................................. 211 

Figure 5.16: STEM images of the surface of a SiO2 particle in the 20V-20Mo sample. .................... 212 

Figure 5.17: (Top) EDX elemental mapping and (bottom) EDX spectrum for sample 20V-20Mo. ... 213 

Figure 5.18: STEM images of the surface of a SiO2 particle in the sample 20Mo-20V. .................... 214 

Figure 5.19: (Top) EDX elemental mapping and (bottom) EDX spectrum for sample 20Mo-20V. ... 215 

Figure 5.20: Catalytic results for oxidation of furfural using Mo-V-Al oxide catalysts prepared by 

varying sequences of VOx and MoOx ALD cycles. Other reaction conditions: Furfural (2 mmol), 

Acetic acid (10 mL), Catalyst (75 mg), 2 MPa O2, 100 °C, 4 h, 500 RPM. ........................................ 216 

Figure 5.21: ICP-OES measurements of Mo and Al bulk concentrations in SiO2 samples prepared 

using 60 MoOx cycles of PEALD and thermal ALD processes at 120 °C. .......................................... 219 

Figure 6.1: Schematic of ALD-incorporated Al2O3 and TiO2 shells onto activated carbon support 

core. .................................................................................................................................................... 232 

Figure 6.2: Ellipsometry thickness measurements on the silicon (Si) witness wafers as a function of 

the number of TMA doses with 3 mg of WAC in the powder adapter at 120 ° C. The line is used as a 

guide to the eye. .................................................................................................................................. 232 

Figure 6.3: The derivative of TGA (DTG) curves shows the maximum weight-loss peaks for bare 

WAC, WAC treated with 500 and 1000 TMA doses, and WAC coated with 20 Al2O3 cycles after 500 

TMA doses at 120 °C using the powder ALD process from 3.2.4.2 (ii). ............................................. 234 

Figure 6.4: Scanning electron micrographs and corresponding EDX spectra of WAC treated with 

(a) 500 TMA doses, (b) 1000 TMA doses, (c) 500 TMA doses followed by 20 Al2O3 cycles, at 120 °C 

using the optimised powder ALD process. .......................................................................................... 235 

Figure 6.5: SEM-EDX elemental mapping of Al and C in the sample prepared with 

500 TMA doses + 20 Al2O3 cycles at 120 °C using the optimised powder ALD process. .................. 236 

Figure 6.6: Comparing (a) Surface area and (b) Pore diameters in bare WAC, WAC passivated with 

500 and 1000 TMA doses, and the sample prepared with 20 Al2O3 cycles after passivation with 500 

TMA doses at 120 °C using the powder ALD process from 3.2.4.2 (ii). The parameter values were 

evaluated using the BET, t-Plot and BJH methods. ............................................................................ 237 

Figure 6.7: Ellipsometry thickness measurements on witness Si wafers as a function of the number of 

TiO2 ALD cycles, in the presence and absence of WAC in the reactor. TiO2 depositions conducted 

after 500 TMA doses at 120 °C using the optimised powder ALD process. ....................................... 239 

Figure 6.8: The TGA plot shows weight loss as a function of temperature for bare WAC and 

passivated WAC coated with 150 TiO2 cycles at 120 °C using the powder ALD process from 3.2.4.2 

(ii) . The temperature was ramped from room temperature (16-20 °C) to 800 °C at 5 °C/min under a 

constant air flow of 100 mL/min. ........................................................................................................ 240 



xiii 
 

Figure 6.9: The TGA plot shows weight loss as a function of temperature for passivated WAC coated 

with 50, 100 and 150 TiO2 cycles. The samples were stabilised at 100 °C for 30 minutes before the 

temperature was ramped to 800 °C at a rate of 5 °C/min. ................................................................. 242 

Figure 6.10: EDX data for 50, 100 and 150-cycle TGA residues, averaged from 7 different point 

locations. ............................................................................................................................................. 244 

Figure 6.11: BET total surface area and t-Plot micropore area in WAC samples after passivation 

with 500 TMA doses and after incorporation of TiO2 shell onto passivated WAC using 50, 100 and 

150 TiO2 cycles. .................................................................................................................................. 245 

Figure 6.12: BJH average mesopore diameter and BET average pore diameter in WAC samples after 

passivation with 500 TMA doses, and after incorporation of TiO2 shell onto passivated WAC using 50, 

100 and 150 TiO2 cycles. .................................................................................................................... 246 

Figure 6.13: The BJH mesopore volume and t-Plot micropore volume in WAC samples after 

passivation with 500 TMA doses, and after incorporation of TiO2 shell onto passivated WAC using 50, 

100 and 150 TiO2 cycles. .................................................................................................................... 247 

Figure 6.14: XRD patterns for Al2O3-passivated WAC supports after TiO2 was incorporated using 50, 

100 and 150 TiO2 ALD cycles at 120 °C. ........................................................................................... 248 

Figure 6.15: Raman Spectra at four points of the sample prepared using 150 TiO2 ALD cycles on 

Al2O3-passivated WAC. ....................................................................................................................... 249 

Figure 6.16: (a), (c), (e) show STEM bright-field (BF) images, and (b), (d), (f) show STEM annular 

dark-field (ADF) images at different magnifications for the Al2O3-passivated WAC sample prepared 

using 100 TiO2 cycles. The arrows in (c) and (d) point at nanorods. A lattice pattern with a spacing of 

3.55 Å is seen on the nanorod in (e). The widths of nanorods are measured in (f). ........................... 251 

Figure 6.17: (a) and (b) are STEM bright-field (BF) and annular dark-field (ADF) images, 

respectively. The arrows in (a) and (b) point at TiO2 nanorods. (c), (d) and (e) are EDX elemental 

maps for C, Al and Ti, respectively. Al hotspots are indicated in (d). Features matching with rods are 

indicated in (e). ................................................................................................................................... 252 

  



xiv 
 

List of Tables 

Table 2.1: Conversion Activity and Pd Leaching by Uncoated and ALD-Coated 0.5 wt% Pd/TiO2 

Catalysts during Partial Conversion TOS Muconic Acid Hydrogenation Reactions. .......................... 38 

Table 2.2: Number of ALD studies for TiO2 with precursor and coreactant combinations. ................ 52 

Table 3.3: N2 gas adsorption/desorption isothermal parameters for washed activated carbon (WAC) 

granules. ............................................................................................................................................... 94 

  



xv 
 

List of Symbols 

ɚ  Wavelength [Å]  

ɚo   Wavelength of excitation laser [nm]  

ɚscatter  Wavelength of scattered light [nm]  

ɗ  Angle [°]  

ȹ  Phase difference [ rad]  

æɜ  Raman shift [cm-1]  

ɜo  Frequency of incident light [cm-1]  

ɜvib  Vibrational frequency [cm-1]  

Ɋ  Amplitude ratio [dimensionless]  

Ű  Outgassing time constant [min]  

ȸ  Peak broadening at full width half maximum [rad]  

CICP-OES Elemental concentration measured by ICP-OES instrument [ppm]  

Csample  Elemental concentration in sample [ppm]  

D  Crystallite size [nm]  

d  Delay time [s]  

dl  Distance between two lattice planes [Å]  

E  Energy [eV]  

Ei  Energy of incident ion [eV]  

Es  Energy of scattered ion [eV]  

e-  Electron [dimensionless]  

Ks  Scherrer constant [dimensionless]  

M  Mass [au, g]  

m1, m2  Multicycle multipliers [dimensionless]  



xvi 
 

N  Number of cycles [dimensionless]  

n1, n2  Multicycle multipliers [dimensionless]  

P   Pressure [atm, mbar]  

p1, p2  Purge duration [s]  

Po  Saturation pressure [atm]  

Pi  Initial pressure [mbar]  

PÐ  Asymptotic pressure [mbar]  

Sext  External surface area [m2/g]  

t  Time [s, min]  

th  Thickness [nm]  

Tg  Growth temperature [°C]  

v  Volume [mL]  

vmicro  Micropore volume [cm3/g]  

w  Weight [g]   

Z  Atomic number [dimensionless]  

  



xvii 
 

List of Acronyms and Abbreviations 

AC  Activated carbon 

ADF  Annular dark field 

AG  As-grown 

ALD  Atomic layer deposition 

BF  Bright-field 

BJH  Barrett-Joyner-Halenda 

BSE  Backscattered electron 

CNT  Carbon nanotubes 

CVD   Chemical vapour deposition 

DRM  Dry reforming of methane 

dTGA  Differential thermogravimetric analysis 

EDX  Energy-dispersive X-ray spectroscopy 

FT  Fischer-Tropsch 

FUR  Furfural 

FWHM Full-width half maximum 

GC-FID Gas chromatography-flame ionisation detection 

GPC  Growth per cycle 

HMF  5-hydroxymethylfurfural 

ICDD  International Centre for Diffraction Data  

ICP-OES Inductively coupled plasma optical emission spectroscopy 

LEIS  Low energy ion scattering spectroscopy 

MA  Maleic anhydride 

MFC  Mass flow controller 



xviii 
 

MSI  Metal support interaction 

PA  Phthalic anhydride 

PEALD Plasma-enhanced ALD 

PLC  Programmable logic controller 

RGA  Residual gas analyser 

RPM  Revolutions per minute 

RP-OES Remote plasma optical emission spectroscopy 

SACs  Single-atom catalysts 

SE  Secondary electron 

SEM   Scanning electron microscopy 

S/N  Signal-to-noise 

STEM  Scanning transmission electron microscopy 

TGA  Thermogravimetric analysis 

TMA   Trimethyl aluminium 

TTIP  Titanium(IV)tetraisopropoxide 

ToF  Time-of-Flight 

UPRs  Unsaturated polyester resins 

UHV  Ultra High Vacuum 

VTIP  Vanadium(V)oxy-triisopropoxide  

WAC  Washed activated carbon 

XRD   X-ray diffraction 

 

  



1 
 

Chapter 1 

 

 

Introduction   



2 
 

1.1  Context 

Humans have become heavily dependent on non-renewable fossil fuels since the Industrial 

Revolution.1; i  Apart from meeting energy needs, fossil fuels are also used to synthesise 

platform chemicals, which are used to manufacture everyday products such as surfactants,2;ii ,iii  

resins,3 plastics,4,5 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 chemicals. iv  Both biomass and CO2 are increasingly being 

investigated as renewable sources for manufacturing platform chemicals.6,7;v,vi It 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 chemicals.8 

As biomass has a complex structure and CO2 is thermodynamically stable, advanced catalytic 

systems are required to synthesise feedstock chemicals (green feedstocks) from them.8 

Furthermore, the efficient conversion of green-feedstock chemicals into platform chemicals 

requires tailored catalysts to enable selective reaction pathways.9 Fundamentally, the 

 
i Ritchie H, Rosado P. Fossil fuels [Internet]. Our World in Data; 2022 [cited 2025 Oct 01]. Available from: 
https://ourworldindata.org/fossil-fuels 
ii 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, applications. Berlin: Springer; 1987. doi:10.1007/978-3-
642-71545-7_3 
iii 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 from: https://green-alliance.org.uk/wp-
content/uploads/2024/04/The-last-use-of-fossil-fuels.pdf  
iv IPCC. Climate change 2022: impacts, adaptation and vulnerability. Working group II 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 from: https://www.ieabioenergy.com/wp-content/uploads/2025/07/Review-of-
feedstock-supply-for-bioenergy-in-IEA-Bioenergy.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%20CO2%20as%20a%20Feedstock%20Comparison%20of%20CCU%20Pathways.pdf  

https://ourworldindata.org/fossil-fuels
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://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf
https://www.ieabioenergy.com/wp-content/uploads/2025/07/Review-of-feedstock-supply-for-bioenergy-in-IEA-Bioenergy.pdf
https://www.ieabioenergy.com/wp-content/uploads/2025/07/Review-of-feedstock-supply-for-bioenergy-in-IEA-Bioenergy.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
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development of advanced, dedicated catalytic systems is at the cornerstone for enabling the 

transition from traditional fossil-based synthesis to a circular, renewable chemical economy.8,9  
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1.2  Atomic Layer Deposition (ALD) for Synthesising Advanced Catalysts 

Atomic layer deposition (ALD) uses gas-phase, sequential surface-saturated reactions to 

deposit materials with atomic-scale precision.10 ALD processes for the thin-film deposition of 

various materials on flat substrates have been established over the past 5 decades.11 ALDôs 

exploration of deposition on powders has occurred over the last 2.5 decades.12 Amid this 

exploration, ALD has been investigated for the precise engineering of efficient heterogeneous 

catalysts to maximise metal utilisation by leveraging its atomic-scale control over composition, 

structure, and morphology on support powder substrates.12 

ALD has been incorporated into the synthesis of next-generation advanced catalysts for 

sustainable chemical transformations through five main strategies,13-15 such as using ALD to 

deposit stable, active precious metal nanoparticles with precise size control, 13,15-28 leveraging 

ALDôs sequential nature to synthesise catalytic alloys or multi-metals with unprecedented 

control over composition,18-23 using atomic-scale precise deposition to synthesise highly stable 

metallic single-atom catalysts (SACs),24-27 usings ALD to tailor the interfaces of existing 

catalysts by depositing metal oxide shells with precise control over their thickness,22,28-32 and 

employing ALD for synthesising supported metal oxide catalysts.14,33,34   
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1.3  Research Gaps 

Despite advances in the application of powder ALD, deviations from the ideal ALD behaviour 

are often reported on powders.35-39 Most studies in the literature have reported higher growth 

per ALD cycle when depositing on powders than on flat substrates.17,35,36,40,41; vii  It is 

hypothesised that the high surface areas of powders inherently have more surface functional 

groups, which facilitate the higher deposition per cycle.17,42 A couple of research groups have 

proposed that the higher depositions are due to parasitic, CVD-like contributions, facilitated by 

residual moisture in the powder.36,43 However, the literature lacks a systematic investigation 

into the causes of higher depositions. ALDôs atomic-scale precision, highly desirable for 

synthesising advanced catalysts,30,31 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,44 many research opportunities remain open, as ALD-synthesised catalysts have been 

explored for only a small fraction of reactions. In addition, conventionally-synthesised metal 

oxide or mixed metal oxide catalysts for renewable catalytic processes are underexplored using 

ALD, even though ALD processes for metal oxides are well-established in the literature.13,45 

Moreover, ALD has been incorporated into catalysts for sustainable applications through a 

limited number of strategies (as discussed in 1.2), while many other strategies, such as 

operating metal oxide ALD processes in their nucleation regime to prepare highly-active, 

supported metal oxide nucleation clusters, and using ALD to prepare advanced catalytic 

supports, remain unexplored.13,15,46 

  

 
vii Groner M. Final report: Novel ALD-coated nanoparticle anodes for enhanced performance lithium-ion 
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
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1.4  Research Objectives 

The primary aim of this PhD is to leverage the atomic-scale precision of ALD for synthesising 

next-generation advanced catalysts for renewable applications, specifically through the 

following objectives: 

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

2. To achieve atomic-scale precision on powders by eliminating process pathways that are 

non-self-limiting. 

3. To establish a synthesis route that enables nanoengineering of supported metal oxide 

nucleation cluster catalysts with atomic precision over size and composition. 

4. To minimise the loading of the active material.  

5. To quantify the catalytic performance of ALD-prepared catalysts against non-ALD 

benchmark catalysts in industrially relevant sustainable chemical transformations. 

6. To maximise catalyst efficiency in renewable feedstock conversion by using ALD to 

prepare advanced catalytic supports. 
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1.5  Roadmap 

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 non-ideal ALD on powders and presents mitigation strategies to 

achieve the atomic-scale 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 atomic-scale, precise powder ALD process developed in Chapter 4 by operating 

in the ALDôs nucleation regime to synthesise highly active mixed metal oxide catalysts for the 

green production of maleic anhydride. Evaluates the correlation between catalytic 

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 
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(Relates to objective 6) 

Uses the atomic-scale, precise process developed in Chapter 4 to produce advanced catalytic 

supports to maximise catalyst efficiency in Fischer-Tropsch 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 sustainability goals. 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 reviewed under case 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 mid-18th century.i  Over the decades, humans have become increasingly 

reliant on fossil fuels for their day-to-day activities.1;i Fossil fuels are usually combusted, which 

releases greenhouse gases into the atmosphere, primarily carbon dioxide (CO2).
1;i Over the 

years, the emission of CO2 has increased, reaching 35 billion tonnes per year in current times,ii 

which has escalated the global climate crisis.1 According to the Climate Risk Index report, 

losses linked to climate-related disasters are rising worldwide, as communities increasingly 

face floods, storms, droughts, and wildfires.iii  These impacts were scientifically assessed by the 

Intergovernmental Panel on Climate Change (IPCC) to be primarily caused by large-scale 

emissions of greenhouse gases.iv   Moreover, 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.iv 

 

 

 

 
i Ritchie H, Rosado P. Fossil fuels [Internet]. Our World in Data; 2022 [cited 2025 Oct 01]. Available from: 
https://ourworldindata.org/fossil-fuels  
ii Ritchie H, Roser M. CO2 Emissions [Internet]. Our World in Data; 2020. [cited 2025 Oct 01]. Available from: 
https://ourworldindata.org/co2-emissions  
iii 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/2025-02/Climate%20Risk%20Index%202025.pdf 
iv IPCC. Climate change 2022: impacts, adaptation and vulnerability. Working Group II 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  

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
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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 surfactants,2;v,vi resins,3 plastics,4,5 fertilisers,5 pigments,4 etc.  

Therefore, the production of the platform chemical from non-fossil sources can effectively 

reduce the dependency on fossil fuels. Biomass (including wood, agricultural residues, 

dedicated energy crops) and CO2 (from industrial emissions and the atmosphere) are being 

widely investigated as non-fossil sources for the production of platform chemicals.6,7;vii ,viii  

However, the 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 challenges.6 The economic challenge can be partly addressed by developing efficient 

processes using cost-effective and sustainable catalysts.8.9 However, the development of highly 

efficient and sustainable catalysts involves technical synthesis challenges and requires an 

understanding of the reaction chemistry for converting renewable feedstocks into platform 

chemicals.10,11;ix 

Conventional catalysts used in fossil-based processes deactivate when used with biomass-

derived feedstocks, as feedstocks contain oxygen-rich, multifunctional molecules and mineral 

contaminants that deposit carbonaceous substances at the catalystôs active sites and/or poison 

 
v 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, applications. Berlin: Springer; 1987. doi:10.1007/978-3-
642-71545-7_3 
vi 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 from: https://green-alliance.org.uk/wp-
content/uploads/2024/04/The-last-use-of-fossil-fuels.pdf  
vii 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.com/wp-content/uploads/2025/07/Review-of-
feedstock-supply-for-bioenergy-in-IEA-Bioenergy.pdf    
viii 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%20CO2%20as%20a%20Feedstock%20Comparison%20of%20CCU%20Pathways.pdf 
ix 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]. Available from: https://www.diva-
portal.org/smash/get/diva2:1940497/FULLTEXT01.pdf  

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
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the catalysts with mineral deposits.12-21 The active metals and metal oxides from conventional 

catalysts also leach into the reaction mixture under renewable reaction conditions, which 

reduces the durability of conventional catalysts.17-19 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 catalysts.17-19,22 Additionally, 

multifunctional molecules in the bio-based feedstock can facilitate multiple side reactions, 

resulting in low yields of the desired product with conventional catalytic systems.16-19 

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 literature.16-19 

2.2.3.1 Strategies to Mitigate Poisoning, Coking, Sintering and Leaching 

Catalysts with robust, active metal alloys have shown inherent tolerance to poisoning.16-19,23 

The addition of protective overcoats on active metal particles can also reduce carbonaceous 

deposition on catalysts.16-19,23 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.16-19,23,21 A strategy to incorporate scavenger phases into the 

catalyst formulation to trap poisoning species in the feedstock has also been demonstrated.23 

For example, ZnO is used to trap sulphur, whereas rare earth oxides are used to trap chlorine.23 

Furthermore, doping active species with promoters has been reported to enhance resistance to 

sintering and poisoning.16-19,21,23,24 Stabilisation 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 carbon.16-19,21,23-25 The high surface area of mesoporous 

materials can also provide abundant active sites for reaction, thereby improving activity.16-

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

A foundational strategy is to tailor the catalystôs electronic and geometric structure to favour 

the desired reaction pathway, while suppressing side reactions, as electronic and geometric 

structure can alter the strength of a catalyst to adsorb reactants or intermediates on its 

surface.22,25,26,20;x Advances in nanoengineering have enabled single-atom catalysts (SACs), in 

which isolated metal atoms are anchored onto supports, maximising atom efficiency and 

offering unique reaction pathways.27 Furthermore, well-defined metallic nanoparticles, 

nanowires, and porous frameworks have been reported to facilitate versatile reactions which 

were impossible with conventional catalysts.22,20,28,29;x,xi Core-shell nanostructures also offer 

unique selectivity, and the interface between the core and the shell can be tuned to facilitate 

the desired reaction.30,31 Grafting ligands onto active metal centers has also been used to 

influence the metalôs electronic and steric environment.20,21 Different ligand designs are being 

actively studied to promote specific reaction pathways while avoiding undesirable side 

reactions and byproducts.20,21 

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 reactor and reduce intermediate 

losses.23,32  One class of multi-functional catalysts are prepared by placing metals like Pt, Pd, 

or Co inside the tiny pores of zeolites or supporting them on mixed oxides to integrate oxidative 

and acid-base functions in a single system.28;x Another class includes combining metal oxides 

with complementary redox potentials, such as MoO3/Cu(NO3)2, where the multifunctionality 

 
x Kuo C-T. 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 from: https://vtechworks.lib.vt.edu/items/69d0625e-4135-4d0e-b46d-0a94ce680b0b  
xi Liu H, Guan J, Mu X, Xu G, Wang X, Chen X. Nanocatalysis. In: Wang Z. (ed) Encyclopedia of physical organic 
chemistry. 1st ed. Hoboken (NJ): John Wiley & Sons; 2017. p. 1-75. 

https://vtechworks.lib.vt.edu/items/69d0625e-4135-4d0e-b46d-0a94ce680b0b
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drives one-pot synthesis of green phthalic anhydride from bio-derived 5-

Hydroxymethfurfural.33 

2.2.3.4 Methods to Implement the Strategies 

Several catalyst preparation methods, such as impregnation, co-precipitation, ion exchange, 

mechanochemical methods, aerosol-based approaches, hydrothermal/solvothermal synthesis, 

sol-gel synthesis, chemical vapour deposition (CVD) and atomic layer deposition (ALD), have 

been used to implement the above-discussed strategies.26,18,19,21 It is beyond the scope of this 

work to review each method in detail; the following sections focus on the basics of ALD and 

its use for synthesising advanced 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 the 1960s under the name ñmolecular layeringò in 

the Soviet Union and in 1970s under the name ñatomic layer epitaxyò in Finland.34-37 ALD is 

a technique, typically operated at much lower temperatures than CVD, that uses sequential, 

self-limiting surface reactions to deposit thin films with unmatched atomic-scale 

precision.34,35,37,38 A conventional ALD cycle comprises four steps: precursor dose, precursor 

purge, coreactant dose, and coreactant purge,34,35,37,38 as illustrated in Figure 2.1.37 

 

Figure 2.1: 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 time-sequenced or spatially separated.37 
 

During the precursor dose, a precursor containing the main elements of the target material is 

pulsed into the reactor in its vapour phase.34,35,37-39 Its molecules react with terminal groups on 

its surface, such as hydroxyl (-OH), amino (-NH), halides (-Cl, -F), etc., which are either 

inherently present,34,35,37-39 or added through functionalisation,38,34 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 self-limiting.34,35,37,38 An inert purge gas is used to remove 

gaseous byproducts and excess precursor molecules from the reactor chamber (or from the 

substrateôs environment in spatial ALD) during the precursor purge step.34,35,37,38 This ensures 

that the following reactant dose would only see the surface modified with the precursor, 

avoiding any gas-phase reactions and subsequent depositions.34,35,37,38 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 desired material on the substrateôs surface and sets 

the surface sites ready for reaction with the next precursor dose.34,35,37,38 Ideally, the reaction 

occurs only with the previously chemisorbed precursor molecules, making the process self-

limiting, and any excess reactant molecules and byproducts are purged during the coreactant 

purge step.34,35,37,38 This completes one ALD cycle.34,35,37,38 The deposition thickness of the 

desired material depends directly on the number of ALD cycles (Figure 2.2 (a)), enabling 

atomic-level, precise control over depositions.34,35,37,38 
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Figure 2.2: (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 (GPC),37 (b) Growth rate (GPC) as a 
function of temperature and the existence of an ALD temperature window where the GPC remains 
constant with temperature,39 (c) Typical saturation curves corresponding to the self-limited surface 
reactions when operating within the ALD temperature window.37  
 

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 constant,34,35,37-39 as 

shown in Figure 2.2 (b).39 Within the ALD temperature window, insufficient precursor or 

coreactant exposures can result in under-saturated surface reactions and incomplete deposition 

on the substrate (Figure 2.2 (c)).36,35,37-39 Additionally, insufficient purging can result in gas-

phase reactions, leading to parasitic CVD contributions to the depositions (Figure 

2.2 (c)).34,35,37,38 

(a) (b) 

(c) 
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Figure 2.3: Schematic of the three most basic modes of thin-film growth by vapour deposition.40 
 

Typical ALD growth starts with nucleation islands and proceeds to form conformal crystalline 

or amorphous layers,41-44 following either of the growth modes illustrated in Figure 2.3.40 While 

ALD growth rates (growth per unit time) may be low, often below 0.1-1 nm min-1,37 ALDôs 

self-limiting nature leads to excellent step coverage and conformal deposition even on high 

aspect ratio structures, as shown in Figure 2.4.45 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.37,38 
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Figure 2.4: Cross-sectional SEM image of an Al2O3 ALD film with a thickness of 300 nm on a Si wafer 
with a trench structure.45 
 

A variety of materials, including pure metals, metal oxides, metal nitrides, metal sulphides, 

metal selenides, metal tellurides, metal fluorides, and other halides, as well as more complex 

compounds, such as oxy-nitrides, ternaries, and doped materials, have been deposited using 

ALD, as illustrated in Figure 2.5.xii 

 

Figure 2.5: Database of ALD processes in AtomicLimits.xii 
 

 
xii Atomic Limits. Database of atomic processes [Internet]. 2019-. doi:10.6100/alddatabase 
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Reactions that are not possible with thermal energy can be effectively driven by incorporating 

plasma-enhanced ALD (PEALD).34,35,37,38 In PEALD processes, energetic plasma species are 

used as the coreactants instead of mere reactant vapours, which help achieve the desired 

deposition.34,35,37,38,46 

Overall, ALDôs unparalleled, precise, atomic-level control, with excellent conformality and 

versatility in depositing a broad range of materials, can enable a rational bottom-up approach 

to implementing strategies discussed in 2.2.3. ALD processes have been established on flat 

substrates for over 5 decades, with significant progress in transferring onto powder substrates 

over the last 2.5 decades (the development of reactor concepts for powder ALD has been 

discussed in 2.5).34-38 The following section reviews the literature on advanced catalysts 

prepared using ALD.    

 

 

 



27 
 

2.4 ALD for Next -generation Advanced Catalysts  

2.4.1 Early Development in Using ALD for Catalysts  

To use ALD for next-generation catalysts, the ALD process developed on flat substrates had 

to be transferred onto powder particles. In 1997, Dr Tuomo Suntolaôs (the inventor of ALD in 

Finland) research group was the first to modify catalyst supports using ALD.47 They deposited 

various metal oxides, such as titania using TiCl4 and H2O or Ti(OiPr)4 and air, zirconia using 

ZrCl4 and H2O, and chromia using Cr(acac)3 and air, onto silica and alumina supports.47 They 

observed deviations from ideal ALD behaviour, such as non-linear growth with the number of 

cycles, loss of the ALD temperature window, different deposition amounts on different 

supports, higher than expected depositions for the number of cycles employed and non-

conformality in depositions.47 They attributed these deviations to differences in the processing 

conditions and in the mechanisms of interaction between the precursor and support.47  

Elamôs group at Argonne National Laboratory was at the forefront of employing ALD for 

catalytic applications from 2000 to 2010.48-50 In one of their studies, they deposited 

ZnO coatings on two similar catalyst support silica gels (manufactured differently) using 

diethyl zinc (DEZ) and H2O in a static-bed reactor set-up (reactor set-ups discussed in 2.5).49 

They used precursor exposures of >50 s to achieve surface saturation, but observed deposition 

of metallic Zn along with ZnO at growth temperatures of 155 °C-200 °C,49 although the 

temperatures were within the ALD window.51 In another study, they deposited VOx (where ñxò 

denotes mixed valence state of metal) on anodic aluminium oxide nanoliths using vanadium 

oxytriisopropoxide (VTIP) as the vanadium precursor, and a mixture of hydrogen peroxide and 

water as the coreactant.48 They observed that the VOx ALD-modified (1-18 ALD cycles) 

nanoliths showed ~2 to 5 times higher specific activities than the nanoliths impregnated with 

VOx in the oxidative dehydrogenation of cyclohexane.48 In a growth study, they deposited 0.7 

to 3 nm size metallic Pt particles on SrTiO3 (001) nanocubes by employing 1 to 5 ALD cycles 
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of (methylcyclopentadienyl)trimethylplatinum(IV) (MeCpPtMe3) and oxygen (Figure 2.6).50 

They observed that the Pt growth rate was higher than expected on SrTiO3 and suggested that 

the nanocubes likely catalysed the reaction of the MeCpPtMe3 precursor, and that Pt surface 

diffusion plays an important role in the nucleation process.50 

 

Figure 2.6: SEM images of SrTiO3 (001) nanocubes (a) before and (b) after coating with Pt 
nanoparticles using three Pt ALD growth cycles.50 

 

2.4.2 Recent Advances: ALD Catalysts for Renewable Feedstocks 

Research on using ALD for catalytic applications gained momentum after 2010.52 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 

(i) the materials used, (ii) the number of ALD cycles implemented (loading), (iii) deviations 

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

and (v) mechanistic insights. 

ALDôs incorporation into renewable catalysis was noted to be through five design strategies, 

as illustrated in Figure 2.7:53-58 

(1) Deposition of single-atom catalysts (SACs) on supports. 

(2) Deposition of catalytic metal nanoparticles on supports. 

(3) Deposition of alloy and bi-/multi metallic catalysts on supports. 

(4) Depositing metal oxide shells over existing catalysts to modify their interfaces. 



29 
 

(5) Deposition of metal oxides and mixed metal oxides catalytic films on supports. 

 

Figure 2.7: ![5Ωǎ ƛƴŎƻǊǇƻǊŀǘƛƻƴ ƛƴǘƻ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ Ŏŀǘŀƭȅǎǘǎ ŦƻǊ ǊŜƴŜǿŀōƭŜ ŀǇǇƭƛŎŀǘƛƻƴǎ ǘƘǊƻǳƎƘ ŦƛǾŜ 
design strategies.53-58 

 

2.4.2.1 Single-Atom Catalysts (SACs) by ALD 

In this category, studies that reported the use of ALD to synthesise single-atom catalysts 

(SACs) for renewable applications were reviewed. 

Sun et al. presented the first groundbreaking study of synthesising SACs using ALD in 2013.59 

They used MeCpPtMe3 and oxygen to deposit Pt SACs onto graphene nanosheets (GNS) at 

250 °C for renewable energy applications.59 They successfully deposited isolated single Pt 

atoms (<1 nm) using 50 ALD cycles.59 They observed the occasional presence of 

subnanometer-sized Pt clusters (1-2 nm) along with SACs (Figure 2.8).59 The size and density 

of Pt clusters increased when the number of cycles was increased to 100 and 150 (Figure 2.8).59 

They observed up to 10 times higher catalytic activity in electrocatalytic methanol oxidation 

with Pt SACs than with state-of-the-art commercial Pt/C catalysts.59 Further analyses revealed 
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that the low-coordination sites and partially occupied 5d orbitals of the Pt atoms in ALD-

prepared catalysts were responsible for the exceptional electrochemical performance.59 

However, under the reaction conditions, Pt atoms diffused and agglomerated to form Pt 

nanoparticles, which was attributed to weak bonding between Pt and carbon.59 

In follow-up work, they deposited Pt SACs and clusters on nitrogen-doped graphene 

nanosheets (NGNs) to ensure strong interaction between the deposited Pt and the support for 

hydrogen evolution reaction (HER) applications.60 They 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 state-of-the-art Pt/C catalysts, respectively.60 Their work 

demonstrated ALDôs capability to achieve unprecedented precious metal utilisation in 

renewable applications.60 
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Figure 2.8: HAADF-STEM images of Pt/GNS samples. (a, b, c) present the results with 50, 100, and 
мрл ![5 ŎȅŎƭŜǎΣ ǊŜǎǇŜŎǘƛǾŜƭȅΣ ŀƴŘ όŀΩΣ ōΩΣ ŎΩύ ǎƘƻǿ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ƳŀƎƴƛŦƛŜŘ ƛƳŀƎŜǎΦ ¢ƘŜ ƛƴǎŜǘ ƛƴ 
each figure shows the corresponding histogram of Pt on GNS.59 
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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. 

Weimerôs group deposited Ni nanoparticles onto Al2O3 support particles and evaluated their 

catalytic performance in the dry reforming of methane (DRM), a crucial process for converting 

greenhouse gases (CH4 and CO2) into valuable syngas.61 They prepared the Ni catalysts using 

1 ALD cycle of bis(cyclopentyldienyl)Ni and H2 for a loading of 4.7 wt%. They observed that 

the ~2.4 nm Ni nanoparticles were well dispersed on Al2O3 supports.62 They also prepared Ni 

catalysts by wet impregnation with a loading of 6 wt% (~17 nm-sized Ni particles) to enable a 

comparative catalytic study.61 

A higher CH4 reforming rate (normalised per gram of material, reaction at 600 °C) was 

obtained with the ALD-prepared catalysts than with the wet-impregnated catalyst, as illustrated 

in Figure 2.9 (a).61 After the reaction, Ni particle sizes in the ALD-prepared catalysts increased 

from ~2.4 nm to ~9.4 nm, suggesting agglomeration of Ni particles under the reaction 

conditions.61 TEM imaging of the ALD-prepared catalysts after 72 h of DRM revealed thin 

carbon deposition on the active Ni particles, as shown in Figure 2.9 (c).61 The reduction in the 

DRM conversion rate with time for the ALD catalysts (Figure 2.9 (a)) was attributed to the 

progressive agglomeration of Ni particles and deposition of carbon on them.61 The DRM 

conversion rate for wet impregnated-catalysts (although lower than that obtained for ALD-

catalysts) remained relatively constant over 36 h in the stream.61 However, when the wet 

impregnated catalyst was observed under TEM after 36 h, carbon whiskers were observed on 

the active Ni particles, as shown in Figure 2.9 (b).61 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 particles.61 In conclusion, 

catalysts prepared by ALD demonstrated superior catalytic performance.61 
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Figure 2.9: (a) DRM reforming rates as a function of time for Ni IW and Ni ALD catalysts at 600 °C. 
Both porous and nanosphere Al2O3 supports were used for the Ni ALD catalysts. (b) TEM image 
showing carbon whiskers on the Ni IW catalyst supported on porous Al2O3 after 36 h on-stream. 
(c) TEM image of Ni ALD catalysts on nonporous Al2O3 ǎǇƘŜǊŜǎ ŀŦǘŜǊ тн Ƙ ƻŦ 5wa ŀǘ слл /.61 

 

2.4.2.3 Multi-Metal Catalysts by ALD  

Publications that used ALD to deposit alloys, bi- and multi-metals for renewable catalytic 

applications have been reviewed here.  

Weimerôs group, who synthesised Ni nanoparticles using ALD in 2.4.2.2, also synthesised 

bimetallic Ni-Pt catalysts to overcome the limitations of monometallic Ni catalysts in DRM 

processes.61 They deposited Pt on Ni catalysts from 2.4.2.2 using 1 ALD cycle of MeCpPtMe3 

and H2, which resulted in a deposition of ~1 nm-sized Pt particles.61 The precise addition of Pt 
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by ALD onto the Ni surface increased the average DRM rate at most by a factor of 1.7.61 The 

formation of coke was dramatically suppressed.61 The researchers attributed this enhanced 

resistance to carbon deposition to Pt's ability to facilitate the formation of surface oxygen 

species (O*) from CO2 dissociation, which oxidise the carbon deposits before they accumulate 

on the catalyst surface.61 The Pt atoms also modified the electronic structure of the Ni active 

sites and lowered the activation energy for both methane dissociation and CO2 activation.61 

Furthermore, the addition of Pt also stabilised the Ni nanoparticles against sintering under the 

DRM reaction conditions.61 

 

Figure 2.10: TEM images of ALD-prepared catalysts.63 
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Sairanen et al. used ALD to synthesise Pt-Co catalysts on carbon supports for renewable energy 

applications, such as methanol oxidation and oxygen reduction reactions.63 They used Pt(acac)2 

as the platinum precursor and Co(acac)3 as the Co precursor.63 They varied the ALD cycle 

sequences of the metal precursors (without any coreactants) to synthesise 4 bi-metallic 

catalysts, namely Pt, PtCo, PtCoPt, and PtCoPtPt, as shown in Figure 2.10.63 When Co was 

deposited after Pt, it formed a Pt-core and Co-shell structure (PtCo) (1-5 nm particles), which 

demonstrated superior catalytic performance compared to the monoatomic ALD-prepared Pt 

catalyst (1-3.5 nm particles).63 The addition of Pt cycles on the PtCo catalyst yielded PtCoPt 

and PtCoPtPt catalysts with a narrower size distribution (1-2.5 nm particles) and increased 

durability (over time), but their activity reduced dramatically.63 The reduction in activity was 

attributed to the partial coverage of the Co particles and a decrease in the Pt:Co ratio.63 Thus, 

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. 

 

Figure 2.11: Schematics of thermally stable Pd SACs synthesised using ALD. (a) Depositing Pd(hfac) 
on Al2O3 substrate, (b) creating nanocavity structures using TiO2 ALD, and (c) removing -hfac ligands 
using formalin.64 

 

The researchers in Elamôs group recognised that while ALD-prepared metal SACs and 

nanoparticles show remarkable catalytic performance, they tend to agglomerate under reaction 

conditions, losing their unique catalytic properties, as discussed in 2.4.2.1 and 2.4.2.2.64 They 

attempted to mitigate the challenge by using ALD to nanoengineer protective thin film 
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structures on active particles.64 To synthesise stabilised Pd SACs, they first exposed the Al2O3 

catalyst support to Pd(hfac)2, then executed 1 to 14 TiO2 ALD cycles (using TiCl4 and H2O) 

and followed that with exposure to formalin.64 This resulted in the formation of TiO2 

nanocavities between Pd SACs, as illustrated in Figure 2.11.64 TiO2 was chosen because it offers 

a strong metal support interaction, especially under reducing reaction conditions at 

temperatures above 200 °C.64  

To evaluate the thermal stabilisation as a function of the number of TiO2 cycles, the catalysts 

were calcined at 300 °C in air.64 No agglomeration of the Pd atoms was observed in catalysts 

coated with 14 TiO2 cycles, while aggregation persisted in those coated with 7 cycles on 

calcination.64 But the size of agglomerates formed in the catalyst with 7 TiO2 cycles was 

smaller than that formed in the catalyst with no TiO2 cycles.64 Thus, the stability of Pd SACs 

was concluded to change dramatically with the thickness of the TiO2 thin film.64 

 

Figure 2.12: Methanol conversion as a function of ALD TiO2 cycles in the methanol decomposition 
reaction, with error ± 10%.64 

 

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

varied with the number of stabilising TiO2 cycles, as shown in Figure 2.12.64 A drastic drop in 
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the activity was observed for the catalyst coated with 14 TiO2 cycles, whereas 95% methanol 

conversion was obtained with the catalyst coated with 7 cycles.64 These results suggested that 

7 TiO2 cycles maintained a balance between stability and activity.64 

Through further analyses, they interpreted that the TiCl4 attacked the -hfac ligands, which had 

stabilised the Pd atoms on the Al2O3 surface.64 They hypothesised that using a milder ALD 

precursor could deposit protective nanocavities without attacking the -hfac ligands, possibly 

enhancing the stability-activity balance of SACs.64 

In another study,65 they added Al2O3 overcoats on impregnated Pd nanoparticles (2 wt%) using 

10-30 ALD cycles of TMA and H2O. They evaluated the resultant catalysts for the conversion 

of bio-derived furfural to furan (a renewable feedstock conversion reaction).65 Higher furan 

selectivity was observed for ALD-coated catalysts than for uncoated catalysts.65 Moreover, the 

furan selectivity increased with the number of ALD cycles, as shown in Figure 2.13.65 

            

Figure 2.13: (a) A schematic model of Al2O3 deposition at low coordination sites.55 (b) Gas-phase 
hydrogenation of furfural. Furan selectivity for each catalyst is plotted versus furfural hydrogenation 
conversion.65 

 

Investigations revealed that Al2O3 preferentially deposited on low-coordination Pd edges, 

which decreased the availability of edge sites for reaction,65 as illustrated in Figure 2.13 (a).55 

(a) (b) 



38 
 

Hence, the enhanced selectivity with the number of ALD cycles (Figure 2.13 (b)) was attributed 

to an increase in the terrace-to-edge ratio of the Pd active sites.65 

   

Figure 2.14: STEM-EDX maps of Pd nanoparticles on the thermally treated 0.5 wt% Pd/TiO2 catalysts 
when (a) uncoated and (b) ALD coated with 100 mg of Al2O3.18 
 

A similar modification of the impregnated Pd catalyst (0.5 wt% Pd/TiO2) using Al2O3 ALD 

was demonstrated by Settle et al.18 They used the catalysts for the bio-based production of 

adipic acid (from muconic acid).18 They observed that even <5 wt% Al2O3 by ALD reduced 

Pd sintering in the harsh, muconic acid hydrogenation environment, as shown in Figure 2.14.18 

Moreover, Pd leaching progressively decreased with increasing Al2O3 deposition, enhancing 

the durability of the catalysts (Table 2.1).18 

Table 2.1: Conversion Activity and Pd Leaching by Uncoated and ALD-Coated 0.5 wt% Pd/TiO2 
Catalysts during Partial Conversion TOS Muconic Acid Hydrogenation Reactions.18 

 

(a) (b) 
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Kim et al. also used metal oxide ALD coatings to prevent sintering and suppress coke formation 

in DRM catalysis.66 In their work, they synthesised core-shell catalysts by depositing TiO2 and 

MgO shells by ALD using TTIP and H2O (20-30 nm with 500 cycles),67 and Mg(CpEt)2 and 

O2 (20 nm with 200 cycles),68 respectively, on conventionally used Ni particles (<1 ɛm), as 

shown in (Figure 2.15). 

 

Figure 2.15: TEM images of (a) TiO2/Ni particles and (b) MgO/Ni particles prepared by applying 500 
and 200 cycles of ALD, respectively.66 

 

These structures demonstrated exceptional long-term stability in DRM reactions at 800 °C with 

high initial activities and prevented the sintering of Ni particles in DRM.66-68 Coke formation 

on TiO2-coated catalysts persisted, though it was lower than on bare Ni catalysts.67 On the 

contrary, no coke was formed on MnO-coated catalysts.68 Although 500 and 200 ALD cycles 

of TiO2 and MnO, respectively, should result in conformal coatings,69,70 they hypothesised the 

presence of cracks in the ALD coatings and attributed the catalytic performance to them, as 

illustrated in Figure 2.16.66-68
 

 

Figure 2.16: Schematic of the various deactivation behaviours during DRM.66 
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Niko et al. used Al2O3 ALD overcoats (using TMA and H2O) to engineer the catalytic interface 

of incipient wetness co-impregnated Co-Pt-Si/ɔ-Al 2O3 catalysts in Fischer-Tropsch catalysis.71 

The coated catalysts were annealed at 420 °C in an inert N2 atmosphere to create nanoscale 

porosity in the Al2O3 overcoats through which the reactants were presumed to access the active 

sites during reaction.71 The thermal treatment caused the ALD coatings to selectively occupy 

high-energy, low-coordination sites (similar to the illustration in Figure 2.13 (a)), which 

effectively prevented sintering of the catalysts.71 Their investigations revealed that the nature 

of the active sites was modified by ALD, promoting strong bonds with the CO species in the 

Fischer-Tropsch conversion reaction.71 A positive effect on catalyst activity was observed with 

35 ALD cycle-catalyst without compromising selectivity towards heavy hydrocarbons.71 

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. 

Weimerôs group synthesised mixed metal oxide supported catalysts using ALD for renewable 

energy applications.72 They carried out Fe2O3 and CoO ALD cycles using ferrocene and 

cobaltocene as the metal precursors and high-purity oxygen as the coreactant.72 1 CoO cycle 

was performed for every two Fe2O3 cycles on ZrO2 support particles, such that the resultant 

deposition was a mixed oxide of CoFe2O4.
72 A 37 wt% loading, resulting in ~2.5 nm-thick 

Co0.85Fe2.15O4 crystalline film, was achieved after a total of 50 ALD cycles, as shown in (Figure 

2.17).72 
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Figure 2.17: HRTEM images showing crystalline Co0.85Fe2.15O4 film on ZrO2 particles.72 

 

They also used ALD to prepare ɔ-Fe2O3/ZrO2 catalysts (2-5 nm-thick ɔ-Fe2O3 film) for a 

comparative catalytic study.72 Both catalysts exhibited substantially faster H2 production rates 

at 600 °C than any reported in the literature (Figure 2.18).72 This observation was attributed to 

the stability and high surface area of the active sites in ALD-prepared catalysts.72 

 

Figure 2.18: Peak H2 rates of ALD-prepared catalysts as a function of temperature compared to those 
documented in the literature.72 

 

Upon regeneration, the total H2 yield remained high (~4000 ɛmol g-1) for up to 7 investigated 

cycles for the Co0.85Fe2.15O4 catalyst.72 In contrast, the total H2 yield was reduced from 

1760 ɛmol g-1 to 835 ɛmol g-1 over 7 regeneration cycles for the ɔ-Fe2O3 catalyst.72 
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Investigations revealed that Co0.85Fe2.15O4 formed a Co/Fe alloy during the reduction-

regeneration step, while the ɔ-Fe2O3 formed FeO.72 Hence, the superior catalytic performance 

was attributed to the synergic effects of Fe and Co.72 
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2.5 Reactor Concepts for Powder ALD 

Establishing controlled, self-limiting ALD on powder substrates presents many practical 

challenges compared to ALD on planar substrates.73-88,49,52 Firstly, surface-saturated 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 should be completely purged from the high-surface-area particles to 

avoid gas-phase reactions and CVD-like contributions to the depositions. It is also important 

to prevent significant powder loss into the reactor during deposition, which requires carefully 

controlled hydrodynamics while executing the ALD cycle. Several reactor concepts (discussed 

in the following sections), such as static-bed,49,77 fixed-bed,76,73,75 rotary,77,78,89-92 fluidised-

bed,85,79,77,87,74 pulsed-bed,88 and spatial reactor,80-82 have been employed to address these 

challenges and enable ALD on powders. 

2.5.1 Static and Fixed Bed Reactors 

In both static and fixed-bed reactor concepts, the particle bed remains stationary, and precursor 

seeps or flows through the gaps between the particles.49,75,76 In the static bed reactor concept, 

the precursors and gases are flown laterally, while the powder is held in a metal crucible, as 

shown in Figure 2.19 (a).78,49 The fixed-bed reactor concept includes a vertical tube reactor, in 

which gases flow through the powder bed from top to bottom, as shown in Figure 2.19 (b).75 

Particles of different sizes and shapes can be easily coated in both static and fixed-bed reactors. 

The static bed reactor relies entirely on molecular diffusion.49 In contrast, purge gas helps the 

flow of precursors in a fixed-bed reactor, potentially increasing contact between reactant gases 

and solid powder particles.75 Longer residence times can be ensured in static-bed reactors, 

whereas precursors may reach the pump without reacting with the powder bed for chemistries 

with a low sticking coefficient in fixed-bed reactors.77,73,75 Nevertheless, gradient depositions 

along the thickness of the powder bed have been reported for both reactor concepts, attributed 
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to inadequate diffusion of precursor molecules in stationary beds.49,76 Therefore, the amount of 

powder that can be coated efficiently in every batch using the static or fixed bed concepts 

remains low compared to the other reactor concepts. It is also challenging to uniformly deposit 

on porous, cohesive, and agglomerated particles using both static and fixed-bed reactor 

concepts.49,76  

          

Figure 2.19: Cross-sectional schematics of (a) static bed reactor,49 and (b) fixed-bed reactor (with 
magnetic suspension balance).75 

 

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 particles.77,78,89-92;xiii  A typical rotary 

 
xiii 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  

 

 

 

(a) (b) 

https://digitalcommons.library.umaine.edu/honors/286
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reactor consists of a cylindrical drum with porous walls, rotated by a magnetically coupled 

feedthrough inside a vacuum chamber, as shown in Figure 2.20.89,90,78;xiv This reactor concept is 

more effective for uniformly coating cohesive, porous, and complex-structured powders 

compared to the static and fixed reactor concepts, as mechanical tumbling of particles during 

static precursor exposures improves precursor contact time and usage, while mitigating 

diffusion limitations.89,90,78;xiv Tumbling depends on gravitational, buoyancy, centrifugal, fluid 

drag and van der Waals forces acting on the particles.xiv Hence, it is challenging to coat non-

homogeneous powders using a standard flow rotary reactor, as forces of different magnitudes 

may act on their particles, resulting in non-uniform exposure and subsequent non-uniform 

deposition.89 Further, the inclusion of bearings, seals, and magnetic couplings in a rotary 

reactor introduces potential maintenance challenges, increasing operational cost compared to 

simpler static/fixed-bed designs.78 Large quantities of powders have been demonstrated in the 

literature to get effectively coated using the rotary reactor concept.90,89,78 

 

Figure 2.20: Schematic of the rotary reactor for powder ALD.91 
 

 
xiv 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  

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 

enable ALD on powders.87,85,79,77,52,83 Collaborative research led by Alan W. Weimer and 

Steven M. George at the University of Colorado has been at the forefront of employing this 

concept for powder ALD.93-95,85-87;xv A fluidised bed concept employs an upward flow of the 

inert carrier gas through the powder bed,57;xvi,xvii as shown in Figure 2.21.52 As gas flows through 

the powder bed, frictional forces and the particlesô weight cause a pressure drop along the 

reactor column.xvi,xvii  The resulting pressure drop is high enough to lift and suspend the solids 

at the minimum fluidisation velocity, um (~1-10 cm/s), where the upward drag force on particles 

matches the downward gravitational force.xvi,xvii  For velocities higher than um, the bed material 

no longer falls back as it is entrained out of the reactor.xvi,xvii  Usually, filters are placed at a 

sufficient height to ensure particle recirculation and avoid the bed from getting depleted.xvi,xvii  

This reactor concept maximises contact between precursors and particles, facilitating optimal 

precursor utilisation.57,96,86,79 Porous powders and powders with complex morphologies can be 

uniformly coated in fluidised bed reactors by using velocities above um, through vigorous 

particle mixing.94 When fluidising powders containing nanometer or sub-micrometer-sized 

particles, hydrodynamics can cause the formation of dynamic soft agglomerates in which 

particles continuously exchange between aggregates, enabling uniform precursor exposure of 

all particles.74 However, as hydrodynamics in the reactor depend on particle size, density, 

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

 
xv Groner M. Final report: Novel ALD-coated nanoparticle anodes for enhanced performance lithium-ion 
batteries [Internet]. U.S. Department of Energy; 2009. [cited 2024 May 8]. OSTI ID 1105907. Available from: 
https://www.osti.gov/search/semantic:1105907  
xvi 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  
xvii Abdelgawad B. Design of a gas-ǎƻƭƛŘ ŦƭǳƛŘƛȊŜŘ ōŜŘ ǊŜŀŎǘƻǊ ŀǘ ƘƛƎƘ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ ƘƛƎƘ ǇǊŜǎǎǳǊŜΦ aŀǎǘŜǊΩǎ 
Thesis [Internet]. Montréal: École Polytechnique de Montréal; 2013. [cited 2022 Aug 22]. Available from: 
https://publications.polymtl.ca/1083/  

https://www.osti.gov/search/semantic:1105907
https://digitalcommons.library.umaine.edu/honors/286
https://publications.polymtl.ca/1083/
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systems.83,86;xviii  Improper hydrodynamics can cause semi-permanent agglomerates of cohesive 

powders or fine particles (especially <10 ɛm) or result in rat holing through the powder bed, 

i.e. gas flows through vertical channels in the powder bed without fluidising the powder.83,86;xviii 

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

mixing of powder beds.87,77,74 Forge Nano is one of the manufacturers of high-throughput 

commercial fluidised-bed ALD reactors.xix 

 

Figure 2.21: Schematic of the fluidised-bed ALD reactor.52 

 

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 shown in Figure 2.22.88,97,98 This eliminates the need for 

continuous fluidisation, reducing gas consumption.88,97,98 Initially, a static bed or minimal 

 
xviii 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 
xix Forge Nano. PROMETHEUS. Brochure [Internet]. Thornton (CO): Forge Nano; [cited 2026 Feb 19]. Available 
from: https://www.forgenano.com/archivesite/wp-content/uploads/2025/03/PROMETHEUS-One-Pager-2025-
v1.pdf  

https://digitalcommons.library.umaine.edu/honors/286
https://www.forgenano.com/archivesite/wp-content/uploads/2025/03/PROMETHEUS-One-Pager-2025-v1.pdf
https://www.forgenano.com/archivesite/wp-content/uploads/2025/03/PROMETHEUS-One-Pager-2025-v1.pdf
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particle motion is maintained with no/low 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 

sufficient contact time for surface-saturated reactions to occur.88 The bed is fluidised again by 

the introduction of pulse/s of inert gas to purge out the byproducts. The process is repeated for 

the co-reactant. Overall, the pulsed bed concept not only ensures uniform exposure of all 

particles but also provides sufficient contact time between precursor vapours and powder 

particles, potentially improving precursor utilisation.88 Furthermore, this reactor concept is 

suitable for cohesive powders and powders with diverse morphologies, such as carbon 

nanotubes, flower-like microstructures, and irregularly shaped particles, which exhibit poor 

fluidisation under continuous gas flow.88,97,98 Nevertheless, pulsed bed operation requires 

careful optimisation of pulse timing, gas velocities and particle loadings to ensure proper 

mixing in each fluidisation pulse.88 Industrial scaling up of the pulsed bed reactor concept lags 

that of fluidised beds and rotary reactors.88 
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Figure 2.22: Schematic of pulsed bed powder ALD reactor concept, where solenoid-actuated Vm and 
Vp valves enable the pulsing.88 
 

2.5.5 Spatial Reactors 

A spatial reactor includes separate precursor zones, where precursor gases are delivered 

continuously with the substrate particles moving through the zones along linear or vibrating 

conveyor belts, as shown in Figure 2.23.80-82 This reactor concept achieves much faster 

deposition rates compared to conventional reactor systems, as it eliminates pump-down and 

purge times by separating precursors in space.80,81 Additionally, since the precursors are only 

supplied in the substrate zones, the wastage is effectively reduced.80,82 However, maintaining 

effective gas separation, pressure differential, and translation speed requires sophisticated 

engineering to prevent CVD-like growth due to precursor intermixing.99 Due to its complex 

design challenge, this reactor concept is still in its infancy for coating powders.82 
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Figure 2.23: Computer-aided design (CAD) model of the continuous vibrating bed ALD reactor.80 
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2.6 ALD of Metal Oxide   

Metal oxides, such as Al2O3, TiO2, etc, are widely used as supports or protective overcoats in 

renewable applications, as documented in 2.4.2.4.64-68,18,71,72,62 Metal oxides are highly stable 

under harsh reaction conditions, including high reaction temperatures and aqueous 

media,100,101,16;xx  and offer strong metal-support interactions.100,102-105 Particularly, TiO2 is 

reported to form a bifunctional catalytic system due to the combination of its Lewis acidity and 

the metalôs redox property.101 TiO2 also exists in amorphous and multiple crystalline 

polymorphs, namely anatase, rutile, and brookite;106 all of which exhibit distinct surface 

properties, electronic structures,107 and acid-base characteristics. Thus, TiO2ôs different phases 

can be used to achieve different levels of active metal dispersion, thereby tuning the catalytic 

performances.101 For instance, Shimura et al., who investigated the effect of the phase of TiO2 

support in Fischer-Tropsch catalysis, stated that the support with more than 15% rutile phase 

exhibited around four times higher CO conversion than the pure anatase phase.103 The benefits 

of TiO2 can be incorporated into the catalytic system by adding thin films of TiO2 in a 

controlled manner onto more sustainable, high-surface-area supports using ALD.108 Therefore, 

the ALD processes established for TiO2 were reviewed in 2.6.1. 

Moreover, non-ALD-prepared supported metal oxides and mixed metal oxides, including 

VOx,
109-113,33 MoOx,

109-112,33,114,115 FeOx,
33,72,115 CoOx,

72,115 ZnOx,
115 etc, where óxô denotes 

mixed valence state of the metals, have been demonstrated as effective catalysts in renewable 

feedstock production.15 Hence, literature reviews focusing on the ALD processes of VOx and 

MoOx, i.e., the most used metal oxides in renewable catalysis, were conducted in 2.6.2 and 

2.6.3, respectively. To prioritise well-established processes, metal precursors reported for ALD 

 
xx 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]. Available from: https://www.diva-
portal.org/smash/get/diva2:1940497/FULLTEXT01.pdf  

https://www.diva-portal.org/smash/get/diva2:1940497/FULLTEXT01.pdf
https://www.diva-portal.org/smash/get/diva2:1940497/FULLTEXT01.pdf


52 
 

by more than 5 research groups were documented. Subsequently, coreactants and process 

parameters employed for self-limiting ALD, and GPCs and spectroscopic details of the 

resultant depositions were reviewed. 

2.6.1 ALD of TiO2 

ALD of TiO2 is a well-established process with more than 1000 studies published using various 

titanium precursors and coreactants, as illustrated in Table 2.2, as of 2017.69 

Table 2.2: Number of ALD studies for TiO2 with precursor and coreactant combinations.69  

 



53 
 

It is beyond the scope of this PhD to review all combinations of precursors and coreactants; 

therefore, a well-established combination, with benign byproducts, was selected for review, i.e. 

of Titanium(IV)tetraisopropoxide (TTIP), and H2O.69 

TTIP and H2O result in a GPC of ~0.15 Å/cycle for growth temperatures ranging from 100 to 

275 °C (ALD window).69,116 TTIP is typically heated to ~75 °C to get sufficient vapours for 

deposition.108,69,116 Its thermal decomposition begins above 275 °C, resulting in increasing 

GPC values with growth temperature.69 Interestingly, different TiO2 phases are observed within 

the ALD window,69,116 which is of interest for catalysis (2.6). Quasi-amorphous films are 

obtained at temperatures below 150 °C.69,116 A transition into a crystalline phase is observed at 

~180 °C.69,116 The amount of the anatase phase increases as the temperature rises from 200 to 

250 °C, whereas the rutile phase dominates at temperatures above 250 °C.69,116 

2.6.2 ALD of VOx  

2.6.2.1 Vanadium(IV)tetrakis(ethylmethylamino) (TEMAV), V(NEtMe)4 

TEMAV, a metal-organic precursor, is a widely investigated vanadium precursor in ALD 

processes.117-126 TEMAV is reported to decompose at temperatures above 175 °C.117,124
 

Typically, it is maintained at 65-75°C to generate sufficient vapours for deposition.117-124 It is 

reported to yield a GPC of ~0.5-0.8 Å/cycle with H2O,125,118,119,126 ~0.4-1.0 Å/cycle with 

O3,
120,118,121,125,126 and ~0.3 Å/cycle with O2-plasma117 at temperatures ranging from 100 to 

150 °C. Reaction with H2O and O3 results in amorphous VOx deposition with mixed V+4/V+5 

states,123,119,118,121,125,126 whereas polycrystalline V2O5 deposition is obtained with O2-

plasma.121,124 

2.6.2.2 Vanadium(IV)tetrakis(dimethylamino) (TDMAV), V(NMe2)4 

TDMAV is another vanadium metal-organic precursor investigated for ALD of VOx.
124 

TDMAV is maintained at 60 °C during deposition to generate vapours for delivery.127 A GPC 

of ~0.3-0.95 Å/cycle is achieved with H2O,127,128 and ~0.45 Å/cycle with O3,
128 within a 
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temperature range of 50-200 °C.124 TDMAVôs decomposition was observed to set in at 

160 °C.128,124 TDMAV with H 2O has been reported to yield amorphous VOx films with mixed 

V+4/V+5 states.127 

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

VTIP, an alkoxide-based metal-organic precursor, is the most investigated vanadium precursor 

for ALD in the literature.124,129-141 VTIP is comparatively easier to handle and exhibits lower 

toxicity.124 Additionally, its reaction with oxidants generates environmentally benign 

isopropanol.124  Typically, VTIP is maintained at 40-50 °C to generate sufficient vapours for 

deposition.131,132,138-141 A GPC range of 0.17-0.37 Å/cycle is reported for its reaction with H2O 

over the temperature range of 50-200 °C.129,131,132,134,135,138,140,141 A couple of studies have also 

used VTIP with O3
139 and O2-plasma141,117 to deposit VOx and observed GPCs of 0.27-0.81 and 

0.7 Å/cycle, respectively, at deposition temperatures ranging from 170-185 °C. Amorphous 

deposition with predominant V+5 oxidation states is obtained with H2O,131,132,135,140,138,141,134 and 

O2-plasma,137 while crystalline V2O5 (001) phase is obtained with O3.
138,139 Musschoot et al. 

observed crystalline V2O5 deposition in the O2-plasma-based process.141 

2.6.3 ALD of MoOx 

2.6.3.1 Molybdenum(VI)hexacarbonyl, Mo(CO)6 

Mo(CO)6 metal-organic precursor has been used as the molybdenum precursor for ALD of 

MoOx.
142-148 Typically, it is heated at 30-55 °C to generate vapours for deposition.146,148,142 It 

has been demonstrated to deposit MoOx with either O3
144,142 or a mixture of O3 and H2O

145,144 

or O2-plasma.146-148  A GPC of ~0.45-0.7 Å/cycle is obtained with O3/O3-H2O mixture,145,144,142 

while ~0.76-0.94 Å/cycle is obtained using O2-plasma,146,148 when operating within Mo(CO)6ôs 

ALD temperature window of 157-172 °C. All depositions were amorphous in nature.144-148,142  
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2.6.3.3 Molybdenum(VI)bis(tert-butylimido)bis(dimethylamido), Mo(t-BuN)2(NMe2)2 

Mo(t-BuN)2(NMe2)2, a metal organic precursor, is an extensively studied molybdenum 

precursor for ALD processes.81,46,149-157 Typically, it is maintained at 50-55 °C during 

deposition to ensure sufficient vapours for delivery.153-155,149,46,157 Some studies reported that 

Mo(t-BuN)2(NMe2)2 is non-reactive with H2O,81,154,155 while Lee et al. observed slight 

reactivity with H2O.171
 Most studies used either O3

151,154-157 or O2-plasma as 

coreactants.81,46,152,153 Using O3, a GPC of ~0.2-0.4 Å/cycle is observed at growth temperatures 

below 230 °C.154-156,150 The GPC is reported to increase with growth temperature,155 reaching 

~2.4 Å/cycle at 300 °C.154 Depositions using O2-plasma, conducted over 50-200 °C, yield GPC 

of ~0.8-0.9 Å/cycle.81,46,149,157 Amorphous MoO3 with a slight sub-stoichiometry (Mo+5) was 

achieved in both the O3,
154,150,156,157 and O2-plasma-based processes.81,46,149,150,153,155 

 



56 
 

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 reviewed in 2.4.2). However, some inconsistencies in deposition 

claims were apparent, such as higher-than-expected GPC, indicating non-linear growth or loss 

of ALD temperature window when depositing on powders,47-50 the presence of cracks in more 

than 10 nm-thick ALD coatings, suggesting non-conformal ALD on powders,66-68 the 

formation of nucleation clusters/single-atom catalysts through several (50 or more) ALD cycles 

in some studies,59,60 while others used just 1-2 cycles to get nanoparticles of same materials,61-

63,50 and the deposition of metal along with its oxide form, indicating a loss of control over the 

composition in powder ALD.49 

Research Gap 1: Investigation into Atomic-Scale Precision on Powders 

Powder ALD studies typically use extended precursor doses and purges to ensure uniform ALD 

on high-surface-area particles.193 However, no study has investigated the non-self-limiting 

reaction pathways occurring in powder ALD or elucidated the atomic-scale precision 

achievable on powders. 

2.7.2 Mechanistic Understanding in Catalysis  

Exceptional catalytic behaviour has been reported for ALD-prepared or modified catalysts 

compared to conventional or state-of-the-art non-ALD-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 dependency,61,58,59 synergic effect in multi-

metallic systems,58,59,69 nano-crack accessibility of active species,60,66-68 preferential ALD 

overcoats at low-coordination sites, etc.60,61  

Research Gap 2: Underexplored 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 atom-by-atom, bottom-up approach 

achievable with ALD can be leveraged to enhance mechanistic insights into catalysis. 

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 reviewed in 2.4.2.4), but the research on 

employing ALD for active or functional or mixed metal oxides for renewable applications has 

been relatively modest.53-58 

Research Gap 3: Underexplored Catalytic Applications 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. Furthermore, metal oxide ALD can be used 

to modify conventional catalyst supports to enhance metal-support 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 with explicit 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 procedures are documented 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 in Figure 3.1. 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 

create a rough vacuum before switching to the systemôs automated evacuation to reach a base 

pressure of ~23 mTorr. This was to optimise the pump-down process and gradually expose the 

substrates (especially the powders) to vacuum.i The 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. The precursors and lines are heated using fibreglass heat 

jackets, whereas the platen, upper and lower chambers were heated individually using 

embedded cartridge heaters. All temperatures were PLC-controlled, using feedback from 

individual thermocouples. The platen temperature was varied from 80 to 165 °C across the 

experiments, while the upper and lower chamber temperatures were varied from 80 to 120 °C. 

Flat substrates placed directly on the platen were stabilised at the platenôs temperature in 

<5 min, irrespective of the temperatures of the upper and lower chambers. 

 

 
i 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  

https://digitalcommons.library.umaine.edu/honors/286
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Figure 3.1: Schematic of OpAL ALD reactor. 

The OpAL system supported 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 in Figure 3., was used to enable precise, electronically controlled, 

repeatable dosing and purging. Valves D1-D4 and P1-P4 in Figure 3.1 were 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 30-100 ms,ii the response time 

of the mass flow controller (MFC), which controlled the flow of Ar and O2 gases from their 

respective cylinders to the reactor, was at least 100 times slower (more than 3 s). Therefore, to 

ensure that the MFC turned on during short bubbler doses (less than 3 s), the E1 valve was used 

to bypass the carrier gas for at least 3 s immediately 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 O2 gas into the reactor during plasma-based 

processes. 

 

Figure 3.2: Pneumatic valve control system.ii 

 

3.2.1.1 Powder Adapter Design and Functioning 

The powder substrates were processed in a bespoke powder adapter, designed in-house from 

aluminium, with two inverted truncated cone chambers. 3 mm-thick stainless-steel disc filter 

frits from AmesPore were used at the circular bases of the chambers (Figure 3.3 (a)). The adapter 

was attached to a baffle plate under the reactorôs lid using bolts for every experiment, as shown 

in Figure 3.3 (b). The powder was loaded into the chambers, resulting in a ~5 mm 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 

 
ii 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 from: https://www.swagelok.com/-
/media/Distributor-Media/C-G/Cambridge/ALD/improve-ald-process-consistency.ashx]  

https://www.swagelok.com/-/media/Distributor-Media/C-G/Cambridge/ALD/improve-ald-process-consistency.ashx
https://www.swagelok.com/-/media/Distributor-Media/C-G/Cambridge/ALD/improve-ald-process-consistency.ashx
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of all particle surfaces to gas. Filter frits of an average pore size of 25 ɛm (upper frits-SSU25 

D-30-3, lower frits-SSU25 D-20-3) were used during early experimentation (4.2.2.1 and 

4.2.2.2). Later, the bottom frits were swapped with 60 ɛm average pore size filters (SSU60 D-

20-3) to create a pressure differential in the chambers for adequate fluidisation (in 4.2.2.3 (iv) 

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

oven-like condition in the OpALôs chamber using the platen, upper and lower chamber heaters. 

        

Figure 3.3: (a) Side view schematic of the powder adapter, (b) Powder adapter installed under the 
ǊŜŀŎǘƻǊΩǎ ƭƛŘΦ 
 

3.2.1.2 Gas Flow Dynamics 

Argon (Ar) gas was used for purging and as an inert carrier gas, and its flow rate for each 

purpose was regulated independently via separate mass flow controllers (MFCs). A third MFC 

was employed to regulate the flow of O2 gas during plasma-based processes. Gases of ultra-

high-purity grade (ů 99.999% from BOC) were used to minimise contamination and ensure 

repeatable ALD behaviour. The Ar purge gas flow rate was varied from 0 to 400 sccm 

throughout the experiments/ALD recipes. The Ar carrier gas flow rate was varied between 50 

and 150 sccm as per the fluidisation requirements of the powder systems. 

(a) (b) 
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Figure 3.4: 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 or O2 gas flow) (Figure 3.4). The powder adapter was used 

with filter frits of average pore size of 25 ɛm. The reactorôs pressure was measured using the 

OpALôs standard pressure gauge, and the pressure above the adapter was measured using a 0-

10 V range voltage-output pressure transducer (XacTorr CMC series 100Torr), fed through the 

side port on the upper chamber. The reactorôs pressure varied from approximately 100 to 

350 mTorr as the purge gas flow rate was varied from 50 to 400 sccm. However, the pressure 

above the adapter, i.e. in the space between the plasma generator and the powder adapter 

(Figure 3.1), was approximately 1.7 orders of magnitude higher than the reactorôs pressure. 

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 Plasma-Enhanced ALD (PEALD) 

A series 50 stainless-steel 300 W hollow-cathode plasma unit from MEAglow, powered by 

Seren R301 RF generator operating at 13.56 MHz, using an AT6 matching unit, was installed 
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on the upper chamber of the OpAL reactor to enable plasma-enhanced ALD (PEALD) on 

powders (5.2.1-5.2.3). The placement was such that the plasma would strike right above the 

geometric center of the powder adapter, at the location of high-pressure buildup (Figure 3.1). A 

hollow cathode source was chosen to get the plasma to strike in the high-pressure zone.iii  A 

mixture of Ar and O2 gases, with individual flow rates ranging from 1 to 20 sccm, was used in 

the plasma ignition. The O2/Ar gas mixture flow rate was optimised to 4/10 sccm for an RF 

powder of 200 W, whereby the matching unit stabilised the plasma (capacitor positions 

optimised at 29% for phase matching and 31% for impedance matching), resulting in a reflected 

power of 2-5 W. During the plasma step, a glow was observed through the side watch glass of 

the OpAL chamber; however, the glow was delayed by about 5-10 s, indicating an ignition lag 

immediately after the power was applied. Therefore, longer plasma doses of more than 10 s 

were employed in the ALD recipes (3.2.4.2 (ii)). 

 

Figure 3.5: (a) Plasma generation with a hollow cathode.iii 

 

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

ions resonate, creating a high-density plasma (Figure 3.5). The high density increases the 

 
iii 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/wp-content/uploads/2021/03/Hollow-cathodes-for-PE-ALD-and-
PECVD.pdf  

https://www.meaglow.com/~meaglowc/wp-content/uploads/2021/03/Hollow-cathodes-for-PE-ALD-and-PECVD.pdf
https://www.meaglow.com/~meaglowc/wp-content/uploads/2021/03/Hollow-cathodes-for-PE-ALD-and-PECVD.pdf
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probability of radicals and ions reaching the powder for deposition. iv  The cathode from 

MEAglow, with 5 plasma confinement holes, was used in this work to ensure a consistent, 

high-density flux of radicals.iv 

Despite the implementation of a hollow-cathode plasma and its optimisation, later investigation 

(5.2.4) revealed that plasma species didnôt contribute to the deposition on powders. However, 

the ñPEALDò terminology has been retained throughout the thesis to indicate that the plasma 

unit was operating during depositions.  

3.2.2 Precursor and Oxidant Systems 

3.2.2.1 Vanadium Precursor 

Vanadium(V)oxy-triisopropoxide (VTIP), VO(Oi-Pr)3 (Figure 3.6 (a)), with 98% purity from 

Strem Chemicals, was used as the vanadium precursor in this research, based on the literature 

review conducted in 2.6.1.1. Based on structural bond lengths, the VTIP molecule has a 

maximum geometric dimension of 9.6 Å. This implies that the precursor will experience 

significant steric exclusion during gas diffusion into pores smaller than 1 nm. 

 

 

 

 
iv 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/wp-content/uploads/2021/03/Hollow-cathodes-for-PE-ALD-and-
PECVD.pdf 

https://www.meaglow.com/~meaglowc/wp-content/uploads/2021/03/Hollow-cathodes-for-PE-ALD-and-PECVD.pdf
https://www.meaglow.com/~meaglowc/wp-content/uploads/2021/03/Hollow-cathodes-for-PE-ALD-and-PECVD.pdf
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Figure 3.6: (a) VO(Oi-Pr)3 molecule,1 Schematics of (b) a one-leg precursor bottle for vapour-draw 
precursor delivery, (c) an in-house fabricated two-leg bubbler for vapour-push precursor delivery. 
 

Initially, about 8 g of VTIP was filled in a single-leg stainless-steel precursor bottle, shown in 

Figure 3.6 (b), in a glove box (N2 atmosphere). As the precursor is delivered by a vapour-draw 

method from a single-leg bottle, and VTIP has a low vapour pressure, the bottle was held at 

50 °C to generate sufficient vapours for delivery while preventing its decomposition.2-6 VTIP 

was used with H2O to deposit VOx on flat substrates (4.2.1). VTIP was delivered by actuating 

the D2 ALD valve and was subsequently purged using Ar gas through the P2 ALD valve 

(Figure 3.1) (3.2.4.1). Despite heating, multiple VTIP doses (250 ms) were required per ALD 

cycle for surface-saturated reactions (4.2.1.1). Delays of at least 1 s were introduced between 

doses to regenerate the vapours.7 

                   (a) 

(b) (c) 
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Hence, to ensure an efficient ALD process of VOx on high-surface-area powders, the amount 

of precursor delivered per dose had to be increased. Therefore, a bubbler was fabricated in-

house by adapting the ñfill portò of a one-leg stainless-steel precursor bottle as the carrier-gas 

inlet, as shown in Figure 3.6 (c). This bubbler enabled enhanced vapour-push delivery of the 

precursor, as the Ar carrier gas entered the bubbler and pushed precursor vapours out during 

dosing.v Approximately 16 g of VTIP was filled into this bubbler in a glove box, and the 

bubbler was also maintained at 50 °C during deposition. VTIP was used with H2O to deposit 

VOx on powders during the development of the powder ALD process in 4.2.2. Later, VTIP was 

used with O2 plasma (PEALD process) to deposit VOx during the synthesis of mixed metal 

oxide (Mo-V-Al oxide) catalysts (5.2). VTIP was delivered into the reactor by simultaneous 

actuation of the D2 and S2 ALD valves and was purged through the P2 ALD valve (Figure 3.1), 

as detailed in 3.2.4.2. 

3.2.2.2 Molybdenum Precursor 

   

Figure 3.7: Mo(t-BuN)2(NMe2)2Mo molecule,8 (b) Schematic of a two-leg 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; Sigma-Aldrich Co. LLC, assignee. Bubbler for the 
transportation of substances by a carrier gas. US patent US8272626B2. 2012 Sep 25. 

 

 

(a) 

(b) 
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Bis(tert-butylimido)bis(dimethylamido)molybdenum(VI), Mo(t-BuN)2(NMe2)2, from Pegasus 

Chemicals, was used as the molybdenum precursor in this work (Figure 3.7 (a)), based on the 

literature review conducted in 2.6.2.1. About 25 g of this precursor was supplied in a stainless-

steel two-leg bubbler, as shown in Figure 3.7 (b). This bubbler had one ñdip legò, i.e. immersed 

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 precursor-saturated vapours were 

delivered into the reactor through the ñshort legò of the bubbler. This bubbling action helped 

deliver higher precursor vapours per dose than those delivered by vapour-pull or vapour-push 

methods. The bubbler was held at 45 °C, establishing a balance between vapour generation and 

precursorôs stability.9,10 This precursor was used with O2 plasma (PEALD) to deposit 

molybdenum oxide (MoOx) on powders for synthesising mixed metal oxide (Mo-V-Al oxide) 

catalysts (5.2). Mo(t-BuN)2(NMe2)2 was delivered into the reactor by simultaneous actuation 

of the D4 and S4 ALD valves and was purged through the P4 ALD valve (Figure 3.1), as detailed 

in 3.2.4.2 (ii).  

3.2.2.3 Titanium Precursor 

 

Figure 3.8: Ti(Oi-Pr)4 molecule.11 

 

Titanium(IV)tetraisopropoxide (TTIP) (Figure 3.8), Ti(Oi-Pr)4 from Sigma Aldrich, was used 

as the titanium precursor in the thesis, as per the literature review conducted in 2.6.3. Based on 
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structural bond lengths, the TTIP molecule has a maximum geometric dimension of 9.5 Å. This 

implies that the precursor will experience significant steric exclusion during gas diffusion into 

pores smaller than 1 nm. TTIP was filled (in a glove box) into an in-house-fabricated two-leg 

bubbler (shown in Figure 3.6 (c)) to enhance the precursor delivery using the vapour-push 

method (3.2.2.1). The bubbler was also maintained at 65 °C during deposition to produce 

sufficient vapours for delivery. This precursor was used with H2O to deposit TiO2 onto high-

surface-area particles to synthesise advanced catalytic supports (6.2.2). 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 valve (Figure 3.1), (as detailed in 3.2.4.2 (ii)).    

3.2.2.4 Aluminium Precursor 

       

Figure 3.9: AlMe3 molecule.12 
 

Trimethyl aluminium (TMA) (Figure 3.9 (a)), AlMe3, from SAFC Hitech, was used as the 

aluminium precursor in this work. The TMA molecule has a maximum geometric dimension 

of 8.6 Å and a planar thickness of 4.3 Å, making it feasible to penetrate pores as small as 1 nm, 

albeit subject to notable diffusion limitations. TMA was supplied in a single-leg precursor 

bottle, as shown in Figure 3.6 (b). As TMA has a high vapour pressure at room temperature, the 

vapour-draw method delivered sufficient precursor in each dose.13,14 The precursor was 

delivered into the reactor through the D3 ALD valve and subsequently purged through the P3 

ALD valve (Figure 3.1), as detailed in 3.2.4.2 (ii). 
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TMAôs high reactivity towards H2O and OH groups14 was leveraged as a chemical getter to 

suppress outgassing and consume residual moisture from powder substrates. Only TMA doses 

(pre-doses) without any oxidants were incorporated before ALD of the target materials 

(4.2.2.3 (iii)). This strategy passivated the powder substrates with an Al2O3 layer, preventing 

subsequent outgassing and enabling self-limiting ALD of the target (4.2.2.3 (iv)). Different 

numbers of pre-doses (200-1000 doses) were used to suppress outgassing from different 

powders, based on their outgassing tendencies, throughout the thesis. To ensure uniform gas 

exposure of all powder particles, the powder was agitated every 10 doses (30-ms doses 

separated by 500-ms delays). TMA was also used with H2O to add a single Al2O3 ALD cycle 

over all Mo-V-Al oxide catalysts in 5.2.3 and to increase the incorporation of Al2O3 in WAC 

in 6.2.1. 

3.2.2.5 Deionised Water as the Oxidant 

Distilled water (H2O) was used as the oxygen source in the water-based ALD processes, with 

VTIP, TTIP, and TMA for depositing VOx, TiO2, and Al2O3, respectively. H2O was delivered 

into the reactor using the vapour-draw delivery method from a single-leg precursor bottle (as 

explained in 3.2.2.1) through the reactorôs D1 ALD valve and subsequently purged through the 

P1 ALD valve (Figure 3.1), as detailed in 3.2.4. As H2O has a high vapour pressure at room 

temperature, the precursor bottle was not heated. 

In addition to depositions, H2O was used to dissipate static charge buildup in dielectric powders 

during PEALD processes (5.2.1), as detailed in 3.2.4.2 (ii). 

3.2.2.6 Alternative Oxidants 

As per the literature,8,16 negligible reactivity is reported between Mo(t-BuN)2(NMe2)2Mo and 

H2O. Therefore, an alternative oxidant with higher oxidising power was required to realise 

MoOx deposition in reaction with Mo(t-BuN)2(NMe2)2. The initial plan was to use ozone (O3) 

as an oxidant by installing the pre-owned unit from Ozone Tech Systems. However, after its 



88 
 

preliminary installation, it was discovered that the discharge tube had deteriorated due to its 

prolonged storage. 

The plan was revised to use O2 plasma instead. O2 gas was administered into the reactor 

through the O2 ALD valve (Figure 3.1). An O2 PEALD process was developed using VTIP for 

VOx deposition on powders (5.2.1), as detailed in 3.2.4.2 (ii). The process was extended to 

deposit MoOx (5.2.2) and was subsequently used to synthesise Mo-V-Al oxide catalysts (5.2.3). 

However, a later study confirmed that plasma did not contribute to the depositions on powders, 

likely due to recombination of oxygen atoms, ions, and O2 metastables before reaching the 

powder particles (5.2.4). Hence, depositions on powders during the PEALD processes in 5.2 

were attributed to thermal facilitation by O2 gas as the oxidant. 

3.2.3 Substrate Specifications 

3.2.3.1 Flat Substrates: Silicon Wafer 

Pieces of virgin test-grade silicon (Si) wafers, with one side polished and (100) 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, i.e. at the ñ0ò position in Figure 3.10 (a), with their polished side exposed, for VOx 

recipe development using VTIP and H2O in the absence of the powder adapter (4.2.1). For 

powder ALD processes (experiments following 4.2.2), with the adapter in the reactor, the 

wafers were placed strategically (i) in the powder adapter, in the cavity between the two 

chambers, as shown in Figure 3.10 (b) and (ii) downstream on the platen, i.e., laterally away 

from the central axis of the platen (Figure 3.10 (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 downstream experienced a reduced precursor flux. 

For self-limiting 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 20 ± 5 Å thick on all bare Si wafers, attributed to 

native SiO2 film.9,17 

 

 

Figure 3.10: (a) Top-view schematic of the open chamber of the OpAL reactor, (b) Photograph of the 
powder adapter after unoptimized 20 VOx ALD cycles on SiO2 powder (carried out with the same pore 
size (25 ɛm) upper and lower frits), showing placement of the Si wafer in the cavity between the 
powder chambers. 

 

3.2.3.2 Powder Substrates: Al2O3, SiO2 and Coconut Shell-Derived Activated Carbon 

In this work, ALD depositions were carried out on three powder substrates, including Al2O3, 

SiO2 and coconut-derived activated carbon particles, as they are low-cost, earth-

abundant/sustainable catalyst supports. Before deposition, the powder substrates were 

characterised by N2 gas adsorption and scanning electron microscopy (SEM), as explained in 

sections 3.3.8 and 3.3.4, respectively. The surface area (determined by N2 gas adsorption) of 

 

Heated platen 

H2O inlet 

O2 inlet 

D4 

D3 
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Precursor 
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the powder substrates was used to predict the precursor saturation behaviour. Pore volume and 

pore-size distribution from N2 gas adsorption were used to assess the precursorôs pore 

accessibility and determine post-ALD pore filling. SEM imaging helped visualise the particle 

morphology, size, shape, texture, and aggregation tendency of the powder substrates. Together, 

the characterisations were used to optimise the deposition protocols for each powder substrate. 

Approximately 300 mg of powder substrate was evenly distributed between the two chambers 

of the adapter for every experiment. Post-ALD visual inspection of the powder colour was used 

as the primary step of validating the deposition process. 

3.2.3.2 (i) Al2O3 
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Figure 3.11: (a) N2 gas adsorption/desorption isotherms, and (b) pore size distribution for Al2O3 
powder substrate. 

(a) 
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The Al2O3 powder (47171.36 Sigma Aldrich), white in colour, with a mean diameter of 47 ɛm 

and a surface area of 200 m2/g, was used during the development of the powder ALD process. 

Type IV adsorption/desorption isotherms were obtained using the N2 gas adsorption technique 

(3.3.8), indicating mesoporosity of this powder (Figure 3.11 (a)).18 The mean pore size was 

approximately 102 nm (Figure 3.11 (b)), suggesting easy accessibility to precursor molecules, 

as molecules are about two orders of magnitude smaller (3.2.2). 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 ensemble (Figure 3.12). 

 

Figure 3.12: Scanning electron micrographs of Al2O3 powder at different magnifications. 
 

The pristine Al2O3 powder was observed to outgas substantially under the deposition 

conditions (see section 4.2.2.1 (ii)). Later, the powder was annealed at 700 °C for 1 hour in air. 

No difference in the morphology was observed on annealing. The annealed powder also 

outgassed during the deposition. Hence, to suppress outgassing and enable controlled ALD of 

the target material, the annealed Al2O3 powder was subjected to 1000 30-ms TMA doses 

(see section 4.2.2.3 (ii)). Subsequently, a controlled VOx deposition was carried out on TMA-

treated Al2O3 particles. 

Remote plasma optical emission spectroscopy (RP-OES) (3.3.1), optical microscopy, visual 

inspection, and LEIS (3.3.6) were used in conjunction for troubleshooting while developing a 
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controlled ALD process for depositing VOx on Al2O3 powder using VTIP and H2O (4.2.2.1-

4.2.2.3). 

3.2.3.2 (ii) SiO2 
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Figure 3.13: N2 gas adsorption/desorption isotherms for SiO2 powder substrate. 
 

The SiO2 powder (L16985 from Alfa Aesar), white in colour with a surface area of 13 m2/g, 

was used to validate the water-based ALD protocol developed on the Al2O3 powder. The SiO2 

powder was later used as a support for the synthesis of Mo-V-Al oxide catalysts (by the PEALD 

process). Type II adsorption/desorption isotherms obtained using the N2 gas adsorption 

technique suggested that the powder was either non-porous or macroporous (Figure 3.13).18 

SEM imaging revealed that the powder had non-porous, smooth spherical particles of 0.5 ɛm 

(in diameter), which naturally aggregated into agglomerates ranging from 5 to 600 ɛm 

(Figure 3.14). 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 process (4.2.2.4).  
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Figure 3.14: Scanning electron micrographs of SiO2 powder at different magnifications. 
 

Like Al2O3, SiO2 also outgassed, but as SiO2 had a relatively lower surface area, only 200 30-

ms TMA doses were sufficient to suppress its outgassing (4.2.2.4 (i)). The SiO2 powder was 

first subjected to only 50 TMA pre-doses, then sieved through an aperture of 105 ɛm, and 

subsequently, treated with the remaining 150 TMA pre-doses before ALD of the target 

materials. Depositions on the powder were analysed using LEIS, inductively coupled plasma 

optical emission spectroscopy (ICP-OES), X-ray diffraction (XRD) and scanning transmission 

electron microscopy energy dispersive X-ray spectroscopy (STEM-EDX), as explained in 

section 3.3. 

3.2.3.2 (iii) Coconut-derived Activated Carbon Granules (Washed) 

Coconut-based granular (600 to 1700 µm) activated carbon (AC) (Chemviron Aquacarb 207C 

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

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

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

removed ash content and metal impurities (mainly Fe, Cu, K, Mg, Na, Ca, S, P, and Ni)18,19 

from the carbon, which could have hindered ALDôs uniform, atomic-scale, precise deposition. 

The acid-washed particles were rinsed multiple times with distilled water to remove the acid 

and were dried at 100 ÁC overnight. The dried particles are referred to as ñwashed activated 

carbonò (WAC) granules in this thesis. To ensure uniform fluidisation during deposition, the 
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granules were sieved through a 40/60 mesh to get a particle size distribution between 250 and 

425 ɛm. 
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Figure 3.15: N2 gas adsorption/desorption isotherms for washed activated carbon (WAC) granules. 
 

Table 3.1: N2 gas adsorption/desorption isothermal parameters for washed activated carbon (WAC) 
granules. 

 

Type I adsorption/desorption isotherms revealed the microporosity of WAC (Figure 3.15).17 The 

other parameters from N2 gas adsorption, as listed in Table 3.1, suggested an overall surface 

area of 916.9 m2/g, of which 819.3 m2/g was contributed by micropores with an average size 

of 1.6 nm. Along with micropores (0.32 cm3/g micropore volume), the granules also had some 

mesopores (0.02 cm3/g mesopore volume), with sizes 2.37-2.64 nm, indicating the presence of 

hierarchical porosity. As the sizes of the micropores were comparable to those of the precursor 

Parameters Value (Adsorption) Value (Desorption) 

BET Surface Area (m²/g) 916.9 ± 3.7  ð 

t-Plot Micropore Area (m²/g) 819.3  ð 

t-Plot Micropore Volume (cm³/g) 0.32  ð 

BJH Mesopore Volume (17-3000 Å) (cm³/g)  0.024 0.021  

Average Pore Diameter (BET) (Å) 16.1 16.1 

BJH Average Pore Width (Å) 23.7 26.4 
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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 100 m2/g. 

 

 

Figure 3.16: (a), (b), (c) Scanning electron micrographs of washed activated carbon (WAC) granules 
at different magnifications showing their varying surface morphologies and (d) energy dispersive 
XȤray spectrum of (c).  
 

SEM examination revealed that WAC granules exhibit multifaceted, irregular, angular surfaces 

(Figure 3.16 (a)). Some faces exhibited hierarchical porosity, suggesting well-preserved cellular 

morphology during AC synthesis (Figure 3.16 (b)),20,21 while others were relatively smoother, 

with a few microcracks and pores (Figure 3.16 (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 precursor-accessible sites, 

(d) 
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necessitating extended precursor exposure and purge times to ensure surface-saturated ALD 

reactions. 

Some 0.4 ɛm-sized spherical particles were observed to be entrapped in cracks and pores, as 

indicated by arrows in Figure 3.16 (c). EDX identified those as SiO2 particles (Figure 3.16 (d)). 

However, silica-based impurities are unlikely to be found in coconut-derived AC; hence, their 

source remained undetermined. EDX also detected oxygen along with carbon, suggesting the 

presence of functional groups such as hydroxyl, carboxyl, or carbonyl groups on the surface of 

WAC.22,23 The naturally occurring impurities (Cu, Ca, S) in coconut-based AC were detected 

locally, only in trace amounts, validating the washing procedure.18,19  

Outgassing from WAC was suppressed effectively with 500 30-ms TMA doses, ensuring 

subsequent self-limiting depositions (6.2.1.1). Post-ALD pore blocking was investigated using 

N2 gas adsorption analysis (3.3.8). Furthermore, depositions on WAC were comprehensively 

characterised using thermogravimetric analysis (TGA), SEM-EDX, Raman spectroscopy, 

XRD, and STEM-EDX in 6.2, as explained in section 3.3. 

3.2.4 ALD Recipes 

3.2.4.1 Flat Substrate Recipe 

 

Figure 3.17: ALD cycle for deposition of VOx on Si wafers under standard reactor configuration. 
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A multi-dose ALD cycle was developed for deposition of VOx using VTIP and H2O on Si 

wafers (standard reactor configuration) (Figure 3.17). VTIP dose was set to 250 ms, and H2O 

dose was set to 50 ms, which were repeated n1 and n2 times, respectively. Values of n1 and n2 

were optimised to 3 and 5, respectively, in 4.2.1.1. Multiple doses were separated by a 1-s delay 

to regenerate sufficient vapours for delivery and extend their residence time.7 VTIP was purged 

for 6 s, whereas two purge times, 7 s and 18 s, were evaluated for H2O in 4.2.1.1, of which the 

18-s purge was adopted for subsequent depositions. Thus, one complete ALD cycle took about 

33 s. 100 sccm of Ar gas 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 work. VOx films are 

deposited using this recipe and subsequently characterised in 4.2.1.  

3.2.4.2 Powder Recipe 

(i) Preliminary (Unoptimised) 

 

Figure 3.18: ALD cycle for the deposition of VOx on Al2O3 powder during preliminary experiments 
(with the powder adapter in the reactor). 
 

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

(Figure 3.18). The ALD cycle was started after the temperature of the powder adapter was 
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stabilised, i.e. after 60 min, during which a constant Ar flow of 40 sccm was maintained 

(4.2.2.1). 500-ms 10 VTIP doses separated by 2-s delays, and 30-ms 5 H2O doses separated by 

500-ms delays were employed to deposit VOx on 300 mg Al2O3 powder (200 m2/g from 

3.2.3.2 (i)), using a carrier gas flow rate of 150 sccm. Additionally, a 100 sccm Ar flow was 

maintained during these steps. Both VTIP and H2O were purged 5 times using a 10-s Ar purge 

with a flow rate of 400 sccm. The purges were separated by 15-s pumping steps during which 

no gas was introduced into the reactor. One complete powder ALD cycle took about 5 min, i.e. 

approximately 9 times longer than the flat substrate recipe in 3.2.4.1. 

The effective dose and purge durations were based on the study conducted in 4.2.2.1 (iii). Delays 

were used to regenerate sufficient vapours for delivery and extend their residence time.7 All Ar  

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 purge-pump cycle (Figure 3.18) was adjusted to enable a pulsed fluidised powder 

bed, as reviewed in 2.5.4. Furthermore, to effectively fluidise the powder during the purge step, 

the Ar flow rate was maximised (400 sccm) based on reactor limitations (maximum allowed 

pressure ~1000 mTorr). Depositions using this recipe are characterised in 4.2.2.2. 

(ii) Optimised 

The preliminary powder ALD cycle was optimised (Figure 3.19) to achieve atomic-scale, 

precise depositions based on the results discussed in 4.2.2.3. Degassing cycles were introduced 

after 30 min of constant Ar flow during temperature stabilisation, where the Ar flow rate was 

alternated 150 times between 100 sccm (5 s) and 50 sccm (10 s). These varying Ar flow rates 

and durations ensured mild agitation of the powder bed for more efficient degassing 

(4.2.2.3 (iii)).24 The total degassing process took 67.5 min. 

After degassing, ñNò TMA dosing cycles were introduced into the reactor. Each cycle consisted 

of 10 30-ms TMA doses, separated by a 500-ms delay and 5 purging cycles. The 30-ms dose 
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duration was set according to the previously established Al2O3 process 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.7 

An Ar flow of 100 sccm was used during these steps. The TMA purging cycle employed high 

(400 sccm for Al2O3 and WAC/200 sccm for SiO2) and low (100 sccm) Ar flow rates to create 

a pressure differential between the purging steps to agitate the powders in pulses (2.5.4) while 

preventing backflow from the pump (as discussed in 4.2.2.3 (i)). However, since no reactants 

were used during the TMA dosing cycle, both high and low-flow purge durations were set to 

5 s for efficiency. The maximum Ar flow rate to fluidise SiO2 was set to 200 sccm to avoid its 

agglomeration (4.2.2.4 (ii)). Studies conducted in 4.2.2.3 (iii), 4.2.2.4 (i), and 6.2.1.1 revealed that 

a total of 1000 (N=100), 200 (N=20), and 500 (N=50) TMA doses were required to effectively 

suppress outgassing from Al2O3, SiO2, and WAC, respectively. TMA passivation took 

approximately 92 min for Al2O3, 18.5 min for SiO2, and 46 min for WAC. 
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Figure 3.19: Optimised powder ALD cycle with added degassing and TMA pre-dosing (chemical 
gettering) cycles. Variables N, n1, n2, m1, and m2 were varied based on substrate characterisation. 
Variables (t, d, p1, p2, n2 and m2) in the Oxidant ALD half-cycle 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 water-based and PEALD processes. The water-based powder ALD 

process was used to deposit VOx on Al2O3 and SiO2 powders using the VTIP precursor in 4.2, 

and Al2O3 and TiO2 on WAC granules using the TMA and TTIP precursors in 6.2.1 and 6.2.2, 

respectively. The PEALD process was initially used to deposit VOx and MoOx individually on 

SiO2 powder using VTIP and Mo(t-BuN)2(NMe2)2, respectively. Later, VOx and MoOx 
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PEALD processes were alternated to synthesise a series of mixed metal oxide (Mo-V-Al oxide) 

catalysts on SiO2 support, as detailed in 5.2.3. 

In all optimised powder processes, 500 ms precursor doses separated by 2 s delays were 

repeated n1 times, where n1 was set to 10 for depositions on Al2O3 and SiO2 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) and 3.2.3.2).7 An Ar carrier gas flow rate of 150 sccm was used during dosing 

of VTIP, Mo(t-BuN)2(NMe2)2, and TTIP from their respective bubblers, while TMA was dosed 

without any carrier gas (3.2.2). For water-based processes, 30-ms H2O doses separated by 

500 ms were introduced 5 times (n2) during depositions on Al2O3 and SiO2, and 10 times (n2) 

during depositions on WAC. All precursors and H2O were purged using the same alternating 

high and low-Ar flow rates as previously used for purging TMA. The high and low-flow purge 

durations were set to 10 and 15 s, respectively, and the purge cycles were repeated 10 times for 

Al 2O3 and SiO2, and 12 times for WAC, for all precursors and H2O. These values were based 

on combined knowledge from 3.2.4.2 (i) and 3.2.3.2. A complete ALD cycle took about 8.8 min 

for Al2O3 and SiO2 and 11 min for WAC. A 100 sccm of Ar gas flow rate was maintained 

during dosing, delays, and purging steps. 

For PEALD processes, a t=20 s plasma dose was employed, and the corresponding purging 

variables were fixed at p1=30 s, p2=10 s and m2=3. Variables d and n2 were set to a null 

value (0). Even though the plasma dose/ignition was only ~20 s, the O2 (4 sccm) and 

Ar (10 sccm) gases used in the ignition were introduced into the reactor for an additional 1 min 

(before the dose) to stabilise the pressure and ensure plasma striking during the dosing (3.2.1.3). 

The study in 5.2.4 confirmed that the depositions on powders were not facilitated by plasma 

species but rather by molecular O2. Hence, the resultant oxidant dose (molecular O2) during 

PEALD on SiO2 in 5.2 was 1 min 20 s. One PEALD cycle took about 8 min. 
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In PEALD (terminology has been retained) processes exceeding 20 cycles (5.2.2 and 5.2.3), a 

30-ms H2O dose was introduced and purged after every 20 cycles. H2O was purged using 

alternating 200 and 100 sccm Ar flow rates for 4 mins. These steps were introduced to 

minimise the caking of SiO2 powder during deposition (5.2.1). 
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3.3 Characterisation Techniques and Data Analysis  

3.3.1 Remote Plasma Optical Emission Spectroscopy (RP-OES) 

A Gencoa Optix remote plasma optical emissions spectrometer (RP-OES) was installed on the 

reactorôs foreline to monitor gaseous species during powder ALD process development 

(4.2.2.1-4.2.2.3).vi  This was possible because the sensor's operating pressure range, 1E-6 to 

0.5 mbar, was compatible with the OpAL reactorôs vacuum. The Optix sensor unit was used as 

a non-invasive diagnostic tool, providing real-time feedback on precursor vapours and 

byproducts. It sampled a small fraction of the exhaust gas under flow conditions every 0.5 s 

and used the Ar gas in it to ignite a plasma. The energy from the plasma fragmented the 

precursor molecules in the gas sample, which were further excited and ionised. The excited 

fragments emitted light of characteristic wavelengths as they returned to the ground state. A 

built-in spectrometer separated the wavelengths, and subsequently, a sensor detected the 

intensities of each fragment, as illustrated in Figure 3.20. The Gencoa Optix software was 

configured to convert the measured emission intensities into time-resolved partial pressures, 

called residual gas analyser (RGA) traces for each selected species: O, OH, 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 CO2
+, indicators of desorbed H2O 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. The residual gas sensor was also used to investigate the causes of non-

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

 
vi Cox E, Monaghan D, Brindley J, Daniel B, Bellido-Gonzalez 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  

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 self-limiting 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 signal-to-noise outputs. The sensor was operated 

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

collaboration with Dr Joseph Brindley from Gencoa. 

 

Figure 3.20: Spectrum detected by Optix gas sensor for Isopropanol.vii 

 

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 sample.25 When a plane polarised light is incident obliquely on a sample, the reflected 

light becomes elliptically polarised due to differential reflection of its parallel (p-polarised) and 

perpendicular (s-polarised) components. The phase difference (ȹ) and the amplitude ratio (Ɋ) 

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

 
vii Cox E, Monaghan D, Brindley J, Daniel B, Bellido-Gonzalez 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  

https://www.svc.org/clientuploads/directory/resource_library/2023_EIS_03_Cox_pptx.pdf
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built optical model. The instrumentôs software uses the optical model to determine the filmôs 

thickness and refractive index through an iterative optimisation process. 

In this thesis, ellipsometry measurements were conducted using a Rudolph Auto EL 

Ellipsometer for films deposited on the polished surface of Si wafers.viii  It used a white light 

source, whose spot was focused on the sample. The reflected light was then filtered to ensure 

that a specific wavelength passes through the analyser while 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 sample. Measurements were conducted at multiple locations on the sampleôs surface to 

assess uniformity and measurement repeatability. The measurement uncertainty in film 

thickness was determined to be ± 5 Å through experiments conducted in duplicate or triplicate.  

The films with thicknesses less than 100 ¡ resulted in ȹ values comparable to the instrumentôs 

measurement uncertainty, making it challenging for the optical model to determine the 

thickness and refractive index of the films consecutively. In such cases, the refractive index 

was set to a default value of 1.46 (the refractive index of SiO2), and only the thicknesses were 

determined by the optical model. Characterisation of uncoated silicon wafers by ellipsometry 

yielded a thickness measurement of 20 ± 5 Å. This was attributed to the native SiO2 layer that 

forms spontaneously on silicon surfaces in ambient air.9,16 This 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 X-ray Diffraction (XRD) 

X-ray diffraction (XRD) is based on elastic scattering of X-ray photons by atoms in the 

material. If the scattered monochromatic X-rays are in phase, they produce constructive 

interference patterns as per Bragg's law: 

 
viii University of California, Davis, Center for Nano/Micro Manufacturing. Rudolph Ellipsometer EL2 operating 
procedure [Internet]. [cited 2026 Jan 31]. Available from: https://research.engineering.ucdavis.edu/cnm2/wp-
content/uploads/sites/11/2013/06/rudolphEL2_Operating_Procedure2.pdf  

https://research.engineering.ucdavis.edu/cnm2/wp-content/uploads/sites/11/2013/06/rudolphEL2_Operating_Procedure2.pdf
https://research.engineering.ucdavis.edu/cnm2/wp-content/uploads/sites/11/2013/06/rudolphEL2_Operating_Procedure2.pdf
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        Equation 3.1 

where,  

ɚ is the wavelength of X-rays 

dl is the distance between two lattice planes 

ɗ is the angle between the incoming X-rays and the normal to the reflecting lattice plane 

n is the order of reflection 

The detector measures the intensity at different 2ɗ angles, and sharp peaks appear wherever 

constructive interference occurs. Every crystalline phase exhibits unique interplanar spacings, 

resulting in characteristic diffraction peaks, which serve as structural fingerprints.ix 

Three different XRD instruments were used throughout this work for varying samples. Rigaku 

Miniflex ,x and Bruker D8 were used for characterising VOx depositions on Si wafer and SiO2 

powder, respectively. Both instruments utilised Cu X-ray sources (ɚ å 1.54 Å) across a 2ɗ range 

of 10-60° to study changes in the VOx depositions on annealing. Both instruments were 

operated with a step size of 0.013° and a dwell time of 2 s per 2ɗ value. The instruments were 

switched because of availability. PANalytical X'Pert Pro MPD, operating with a Co X-ray 

source (ɚ å 1.79 ¡), was used to investigate crystallinity and phase composition of ALD-

deposited TiO2 on WAC. The Co X-ray source was chosen to reduce absorption artefacts and 

improve the signal-to-noise ratio to increase the possibility of detecting short-range order in 

the as-deposited TiO2. The TiO2 samples were analysed over the 2ɗ range of 20-50°, with 

increments of 0.0167° and a dwell time of 8 s per 2ɗ value. The respective in-built softwares 

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

 
ix Cullity BD. Elements of X-ray diffraction [Internet]. Reading (MA): Addison-Wesley; 1956. [cited 2026 Jan 31]. 
Avaialble from: https://archive.org/download/elementsofxraydi030864mbp/elementsofxraydi030864mbp.pdf  
x 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_SinglePgs_low-res.pdf  

https://archive.org/download/elementsofxraydi030864mbp/elementsofxraydi030864mbp.pdf
https://rigaku.com/hubfs/2024%20Rigaku%20Global%20Site/Resource%20Hub/Knowledge%20Library/Brochures/BR_23_MiniFlex_Rev0723_226325528_SinglePgs_low-res.pdf
https://rigaku.com/hubfs/2024%20Rigaku%20Global%20Site/Resource%20Hub/Knowledge%20Library/Brochures/BR_23_MiniFlex_Rev0723_226325528_SinglePgs_low-res.pdf
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peaks were compared against ICDD databases to identify crystalline phases, and the crystallite 

sizes were evaluated using the Debye-Scherrer formula: 

Ὀ  
ὑ ʇ
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        Equation 3.2 

where, 

D is the crystallite size 

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

ȸ is the peak broadening at full width half maximum (in radians) 

ɚ is X-ray wavelength 

ɗ is the Bragg angle. 

XRD characterisation was carried out at University of Liverpool. Experiments on Bruker D8 

(4.2.2.6 (i)) and PANalytical X'Pert Pro MPD (6.2.2.5) were conducted under the supervision of 

Mr Richard Feetham at Materials Innovation 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 Energy Dispersive X ray Spectroscopy (SEM-

EDX) 

Scanning electron microscopy combined with energy dispersive X-ray spectroscopy (SEM-

EDX) is a characterisation technique that combines high-resolution imaging with elemental 

analysis.26 SEM uses a focused electron beam (0.5-30 kV) to scan a sample and generate high-

resolution topographic images of the sampleôs surface by detecting the yield of secondary or 

backscattered electrons as a function of the primary beamôs position. The electron beam also 

excites the atoms in the sample, which produce characteristic X-rays on de-excitation. 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. The X-ray signal originates from 
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a roughly tear drop shaped interaction volume extending several micrometers below the 

surface, depending on accelerating voltage and material density.xi SEM typically achieves a 

~5 nm lateral resolution, while EDXôs lateral resolution is ~1 µm.xi 

SEM-EDX analysis was conducted throughout this thesis using either the JEOL JSM 6610 

SEM or the JEOL JSM 7001F FEG-SEM instruments for flat samples and powder samples, 

respectively. Both instruments were equipped with EDX detectors and Aztec software for 

chemical compositional analysis. For analysis, the samples were mounted on SEM stubs using 

adhesive, conducting carbon tape or tabs. The accelerating voltage (3-10 kV), probe current (4-

8 A) and working distance (14-7 mm) were optimised to prevent excessive charging of the 

samples, balance image contrast, and ensure robust EDX signals. Secondary electron (SE) 

imaging was used to study topographical contrast, while backscattered electron (BSE) imaging 

was used to analyse compositional contrast.xi EDX elemental mapping was performed for 

selected samples. All SEM-EDX analyses were carried out independently by the author at the 

SEM shared facility at University of Liverpool. 

3.3.5 Scanning Transmission Electron Microscopy Energy Dispersive X-ray Spectroscopy 

(STEM-EDX) 

Scanning transmission electron microscopy with energy-dispersive X-ray spectroscopy 

(STEM-EDX) combines high-resolution imaging with chemical analysis by transmitting 

electrons through a sample.xii STEM uses a highly focused electron probe, typically 0.1-1 nm 

in diameter, that scans across the sample pixel-by-pixel. For a bright-field (BF) image, the 

objective aperture selects only the unscattered, transmitted electron beam (low-angle electrons 

 
xi Goldstein JI, Newbury DE, Michael JR, Ritchie NWM, Scott JHJ, Joy DC. Electron beam-specimen interactions: 
interaction volume. In: Scanning electron microscopy and X-ray microanalysis. 4th ed. 2018. p. 1-14. 
doi:10.1007/978-1-4939-6676-9_1 
xii Williams DB, Carter CB. Analytical electron microscopy. In: Transmission electron microscopy: a textbook for 
materials science [Internet]. 2nd ed. Vol. 4. New York: Springer; 2009. p. 555-723. [cited 2025 Oct 24]. 
Available from: https://link.springer.com/book/10.1007/978-0-387-76501-3  

https://link.springer.com/book/10.1007/978-0-387-76501-3
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<10 mrad) 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 lacks element-specific 

information.xiii  In contrast, a ring-shaped detector collects scattered electrons at intermediate-

to-high angles (10-50 mrad), producing annular dark field (ADF) images. Unlike BF, ADF 

images can be used to directly visualise elemental distribution independent of thickness, as 

they are Z-contrast images in which brightness is directly proportional to the atomic number 

(Z) of the elements.xiii  As the electron beam scans the sample, atoms are excited and emit 

characteristic X-rays. EDX involves the simultaneous detection of these X-rays to identify the 

sampleôs elemental composition.27;xiii  

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

instrument. Powder was dispersed on carbon-coated Cu TEM grids, and multiple particles were 

examined at varying magnifications (Á 10k-300k) to ensure representative sampling. All 

analyses were carried out at an accelerating voltage of 200 kV, while the probe current was 

optimised (1.4-7.5 nA) to balance sample charging and acquire robust EDX data. EDAX 

Octane T Optima windowless 60 mm2 SDD was used for the EDX analysis. The peak 

intensities in the EDX spectra were processed using standardless zeta factor quantification with 

sample-thickness correction in the analysis software. This yielded elemental compositions with 

estimated uncertainties of ±10-20%, enabling reliable quantification of the depositions.27;xiii  

EDX elemental maps were also generated to study the spatial distribution of elements. STEM-

EDX analysis was conducted by Dr Mounib Bahri (5.2.2.3) and Ms Eneith Aguilar (6.2.2.7) at 

Albert Crewe Centre for Electron Microscopy at University of Liverpool. 

 
xiii Williams DB, Carter CB. Analytical electron microscopy. In: Transmission electron microscopy: a textbook for 
materials science [Internet]. 2nd ed. Vol. 4. New York: Springer; 2009. p. 555-723. [cited 2025 Oct 24]. 
Available from: https://link.springer.com/book/10.1007/978-0-387-76501-3 

https://link.springer.com/book/10.1007/978-0-387-76501-3
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3.3.6 Low Energy Ion Scattering (LEIS) 

Low-energy ion scattering (LEIS) employs noble gas ions to detect the elemental composition 

of the outermost atomic layer of a sample. When incident ions with kinetic energy Ei collide 

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 ions, Es, contains 

information about the mass of the scattering atom.28,29 If the mass of the ion is M1, the mass of 

the atom is M2, and ions scatter at an angle ɗ after collision,   
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Equation 3.3 

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 a time-of-flight (ToF) 

mass spectrometer to measure the kinetic energies (Es values) of the scattered ions.30,31 An 

intensity spectrum (counts/nC of primary beam charge) is acquired as a function of kinetic 

energy (eV), such that the kinematic factor Equation 3.3 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. Ions that penetrate deeper into the sample are readily neutralised, resulting in 

a surface-sensitive detection. However, some ions may be scattered by atoms in the subsurface, 

but their final energy is <Es, as they lose energy as they pass through the layer of surface 

atoms.28 Additionally, ions may be reionised by sub-surface atoms, resulting in energies <Es.
30 

Both phenomena can result in a low-energy shoulder adjacent to the surface peak position of 

the atom involved (Figure 3.20). 
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Atmospherically adsorbed moisture or organic species on the sample surface can potentially 

block the incident ions from reaching the sampleôs atoms. Therefore, the sample surface is 

usually cleaned using O2 plasma before analysis (Figure 3.21).31 A depth profile study of the 

sample can also be conducted by sputtering away the surface atoms using low-energy Ar 

ions.30,31 
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Figure 3.21: LEIS spectra after 20 VOx ALD cycles on Al2O3-coated SiO2 powder, showing C, O, Al/Si 
and V surface peaks and their corresponding shoulders on the low-energy side before and after 
cleaning the surface with O2 plasma. 
 

In this thesis, an IonTOF QTec 100 LEIS instrument was used to detect depositions on powders 

using 3 keV He ions. The Al2O3 samples were stuck on carbon tape for analysis. However, the 

adhesive in the tape contained Si; hence, the SiO2 samples were manually pressed into pellets 

for analysis. All the samples were cleaned in situ for 10 min using O2 plasma before acquiring 

LEIS data. Typically, a 4 mm x 4 mm area was probed, and the incident dose intensity was 

optimised for a higher signal-to-noise (S/N) ratio. For selected samples, depth profiling was 

acquired using a 1 keV Ar+ beam to sputter away the surface, and each sputter dose was set to 
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~1.5 x 1014 ions/cm2. For semi-quantification, 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 integrated peak area. LEIS 

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 (ICP-OES) 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is a quantitative 

elemental analysis technique that determines the bulk chemical composition in samples.xiv The 

method combines plasma atomisation with optical emission detection. A liquid sample is 

nebulised into an Ar plasma, which is sustained at 6000-10000 K by radio-frequency induction. 

The elements in the sample get converted into excited-state gas-phase atoms or ions in the 

plasma and emit characteristic electromagnetic radiation as they return to their ground state. 

An optical spectrometer disperses the emitted light and detects emission intensity at each 

wavelength using a solid-state detector. As emission intensities are directly proportional to 

elemental concentrations, they are compared with known reference standards to determine the 

sampleôs composition.xiv 

ICP-OES analysis in this thesis was conducted for selected SiO2 samples using an Agilent ICP-

OES instrument. Before analysis, elemental calibrations were performed for V, Mo, and Al 

using linear fits in the 0-110 ppm concentration range. Hafnium (Hf) and Yttrium (Y) were 

used as internal standards to account for instrumental drift and matrix effects. The powder 

samples were weighed (~50 mg) and then treated with 1 mL of concentrated nitric acid (HNO3), 

in an attempt to dissolve the samples. The mixture was hand-mixed and diluted with deionised 

water to a total volume of approximately 10 mL. It was observed that the samples did not 

 
xiv Hou X, Jones BT. Inductively coupled plasma-optical emission spectrometry. In: Meyers RA, Hieftje GM. (eds) 
Encyclopedia of analytical chemistry: applications, theory and instrumentation. Chichester: John Wiley & Sons 
Ltd; 200. p. 9468-9485. doi:10.1002/9780470027318.a5110 
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completely dissolve and formed some solid residues in the solution. The residue was presumed 

to be of SiO2, as it was expected to remain insoluble under these acidic conditions.xv Thus, the 

solid was allowed to settle, and the resulting supernatant liquid layer was collected and 

analysed by ICP-OES. Alternatively, a couple of samples were completely digested in 

hydrofluoric acid (HF), diluted, and reanalysed by ICP-OES. The bulk concentrations of the 

deposited elements (V, Mo, and Al) after complete dissolution of the sample in HF were 

comparable to those obtained with incomplete dissolution in HNO3. This validated the use of 

HNO3 as the dissolution medium for subsequent ICP-OES analysis. 

The elemental concentrations in the samples were calculated as follows: 

ὅ  
ὺ

ύ
ὅ  

         Equation 3.4 

where, 

v is the total volume of the solution 

w is the weight of the sample 

CICP-OES is the elemental concentration measured by the instrument in (ppm) 

Csample is the elemental concentration in the bulk powder sample (ppm=mg/kg) 

Instrumental uncertainty of ±15 mg/kg was determined by analysing uncoated SiO2, whereas 

the standard deviation across batches was evaluated by analysing duplicate and triplicate 

samples prepared in parallel. The ICP-OES analysis was conducted by Mrs Sarah Gare, and 

the HF dissolution was performed by Dr Troy Manning in the Department of Chemistry at 

University of Liverpool. 

 

 
xv European Committee for Standardization. Working draft, 2nd consultation: Solid materials ς Microwave 
digestion of sediment, sludge, soil and biowaste for the extraction of nitric acid-soluble fraction of trace 
elements [Internet]. Brussels: CEN; 2005. Report No.: CEN/cProject/6180. Available from: 
https://horizontal.ecn.nl/docs/society/horizontal/STD6180_digestion_nitricacid.pdf  

https://horizontal.ecn.nl/docs/society/horizontal/STD6180_digestion_nitricacid.pdf
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3.3.8 N2 (Nitrogen) Adsorption Analysis 

N2 adsorption analysis characterises a sample by measuring its N2 physisorption and desorption 

isotherms, enabling quantification of specific surface area, pore morphology, and pore size 

distribution. The samples are held at 77 K (liquid N2 temperature) during the measurements, at 

which N2 gas has a saturation pressure (Po) of 1 atm. During physisorption, the N2 gas 

pressure (P) in the sample is increased from 0 to Po, and the volume of gas adsorbed is plotted 

as a function of relative pressure (P/Po) to obtain an adsorption isotherm. Similarly, a 

desorption isotherm is obtained by decreasing the gas pressure from Po to 0. The 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 the pores.17 

As per IUPAC,17 isotherm shapes are classified into 6 types (Figure 3.22). Type I is Langmuir-

like, where the adsorption curve rises rapidly at low P/Po and then plateaus. This is 

representative of a microporous material, where pores are smaller than 2 nm. An S-shaped 

isotherm is called Type II and represents non-porous or macroporous materials. Type III 

isotherm has a continuous upward curve, indicating weak initial uptake by a microporous 

material. Type IV is similar to Type II, but the curve plateaus at high P/Po values, suggesting 

pore-filling followed by multilayer adsorption. This type is obtained for mesoporous materials 

having pores ranging from 2 to 50 nm. Isotherms with a sharp rise in the curve at mid-range 

P/Po values followed by a plateau are termed Type V. This type is obtained for weakly 

interacting mesoporous materials. Type VI, a step-wise rising isotherm, is obtained for samples 

with uniform or non-porous surfaces, where the adsorption takes place layer by layer at specific 

pressures. 
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Figure 3.22: IUPAC classification of N2 gas adsorption isotherms.17   
 

Non-porous and macroporous materials result in no or minimal hysteresis, as gas molecules 

adsorb and desorb reversibly without getting trapped. Wide hysteresis loop at high P/Po values 

is obtained for the sample with ink-bottle-shaped pores, in which the gas molecules get trapped 

during desorption.17 Samples with cylindrical or funnel-shaped mesopores result in hysteresis 

in mid-range P/Po.
17 

Furthermore, different methods and models are used to calculate the surface area, pore size 

distribution and pore volume from the adsorption and desorption data.21 BET (Brunauer-

Emmett-Teller), a mathematical model assuming multilayer gas adsorption on a homogeneous 

surface, is fitted to the isotherm data in the 0.05-0.30 P/Po range to calculate monolayer capacity 
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and derive specific surface area (m2/g).17;xvi BET is valid for non-porous, macroporous, and 

mesoporous materials where multilayer adsorption occurs on an energetically uniform 

surface.17 The t-plot (thickness plot) method separates micropore volume from external surface 

area by comparing the sampleôs isotherm with that of a non-porous reference surface. It 

assumes that the sample and the reference have identical surface chemistry.17 The adsorbed 

volume ñvò is plotted against statistical thickness ñtò (calculated from the reference isotherm), 

such that the linear region follows: 

ὺ Ὓ ὸ ὺ  

           Equation 3.5 

where, 

Sext (slope) is the external surface area 

Vmicro (intercept) is the micropore volume 

The Barrett-Joyner-Halenda (BJH) method calculates mesopore size distribution (1.7-300 nm) 

and volume from the desorption branch of an isotherm using a modified Kelvin equation 

(Kevinôs relation for capillary condensation). It assumes cylindrical pore geometry and applies 

layer-by-layer pore-emptying calculations.17 

In this work, the N2 adsorption analysis experiments were conducted on a Micrometrics 3-

FLEX instrument.xvii The samples were degassed at 120 °C for 4 hours using the FlowPrep 060 

system before the analysis.xviii  To start with, approximately 50 mg of the samples were loaded 

in the analysis tubes that were immersed in liquid N2. The sample weights were submitted to 

 
xvi Microtrac Retsch GmbH. 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/evaluation-of-the-specific-surface-area-of-active-carbon-type-i-
adsorption-isotherm-via-bet-method.pdf  
xvii Micromeritics Instrument Corporation. High-resolution, improved throughput micropore analyses: 3Flex 
surface and catalyst characterization. Brochure [Internet]. 2016 [cited 2025 Nov 29]. Available from: 
https://www.malvernpanalytical.com/en/assets/Micromeritics-3flex-brochure_tcm50-106024.pdf  
xviii Micromeritics Instrument Corporation. Degas options for sample preparation. Application note [Internet]. 
2024 [cited 2025 Nov 29]. Available from: https://downloads.micromeritics.com/Appnotes/Degas-Options-for-
Sample-Preparation.pdf  

https://www.microtrac.com/files/107191/evaluation-of-the-specific-surface-area-of-active-carbon-type-i-adsorption-isotherm-via-bet-method.pdf
https://www.microtrac.com/files/107191/evaluation-of-the-specific-surface-area-of-active-carbon-type-i-adsorption-isotherm-via-bet-method.pdf
https://www.malvernpanalytical.com/en/assets/Micromeritics-3flex-brochure_tcm50-106024.pdf
https://downloads.micromeritics.com/Appnotes/Degas-Options-for-Sample-Preparation.pdf
https://downloads.micromeritics.com/Appnotes/Degas-Options-for-Sample-Preparation.pdf
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the software, and the isotherms were recorded. After the experiment, the software calculated 

the surface areas, pore-size distribution and pore volumes using the above-discussed methods. 

However, the samples were reweighed post-experiment to account for the degassed mass, and 

all the quantities were recalculated. The analysis was conducted by the author under 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 thermal decomposition, phase 

transitions, and compositional fractions in multi-component materials.  

In this thesis, TGA experiments were performed on an SDT Q600 instrument to quantitatively 

characterise the depositions on washed activated carbon (WAC). About 16-17 mg of samples 

were loaded into alumina pans, and the initial weight was noted. In initial experiments, the 

temperature was ramped up 5 °C/min from room temperature (16-20 °C) to 800 °C under air. 

Later, the samples were stabilised at 100 °C for 30 min, then ramped to 800 °C. The two-step 

process ensured accurate determination of the baseline weight before subsequent mass-loss 

measurements. The airflow was maintained at 100 mL/min during all experiments. The carbon 

support combusted completely above ~770 °C while a residue comprising the deposited 

inorganic materials and impurities from WAC was left behind. SEM-EDX was employed to 

analyse the composition of the residues and quantify the ALD-depositions. Differential TGA 

(dTGA) curves, the first derivative of TGA, were used to identify the effect of ALD on the 

thermal stability of WAC. TGA was performed in coordination with Dr Le Son at the Materials 

Innovation Factory, University of Liverpool. 
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3.3.10 Raman 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 material.xix When monochromatic 

light of frequency ɜo scatters from a sample, the scattered photon frequency shifts by Ñɜvib, the 

material's vibrational frequency. When the scattered light exhibits a frequency of ɜo-ɜvib, it is 

called Stokes Raman scattering, and when the scattered light frequency is ɜo+ɜvib, it is called 

Anti-Stokes Raman scattering. Stokes scattering is the dominant process at room temperature, 

whereas Anti-Stokes scattering is observed only when vibrational modes are thermally excited. 

Generally, only vibrations in which the material's polarisability changes are Raman-active.xiv,xx 

However, in crystalline materials, some of these Raman-active vibrations are Raman-forbidden 

by selection rules based on crystal symmetry, resulting in sharp, distinct peaks in the Raman 

spectrum.xx On the other hand, the Raman spectrum of amorphous materials has broader, less-

defined features.xx 

A Raman spectrum is a plot of intensity versus Raman shift ñæɜò, which only depends on the 

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

wavelengths: 

Ўʉ ὧά   

        Equation 3.6 

where, 

ɚo is the wavelength of the excitation laser 

ɚscatter is the wavelength of Raman scattered light  

 
xix Ferraro JR, Nakamoto K, Brown CW. Introductory Raman spectroscopy. 2nd ed. Amsterdam: Academic Press; 
2003. doi:10.1016/B978-0-12-254105-6.X5000-7 
xx 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 

structure, while peak intensities and linewidths reveal the sampleôs crystallinity and 

disorder.xxi,xxii 

In this work, Raman spectroscopy was performed on a Horiba Jobin Yvon LabRAM HR800 

UV confocal Raman microscope using an excitation wavelength of 514 nm from 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 0.5-1 ɛm. 

Raman spectra were acquired in the 100-1000 cm-1 range using a 1200 lines/mm grating and 

an Andor Peltier-cooled CCD detector at room temperature. The powder samples were placed 

on glass slides, and the spectrum was acquired with 5 acquisitions, with 50 s exposure per 

spectral segment and 5-point sub-pixel sampling for CCD uniformity correction. Multiple spots 

per sample were analysed to ensure statistical representativeness. Raman spectra were 

processed using standard baseline correction to remove fluorescence background and Rayleigh 

scattering artefacts. Peak positions and full-width at half-maximum (FWHM) values were 

determined directly from the baseline-corrected spectra through spectral analysis.xxii 

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 at University of 

Liverpool. 

3.3.11 Evaluation of Catalytic Performance Testing 

Catalytic testing was conducted in this thesis for the ALD-prepared mixed metal oxide (Mo-

V-Al oxide) catalysts (in section 5.2.3). The catalysts were used in the oxidation reaction of 

 
xxi Ferraro JR, Nakamoto K, Brown CW. Introductory Raman spectroscopy. 2nd ed. Amsterdam: Academic Press; 
2003. doi:10.1016/B978-0-12-254105-6.X5000-7 
xxii 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 Liverpool, under conditions optimised in 

their previous work for the liquid-phase selective oxidation of FUR to MA using solvent-free 

synthesised catalysts.32 The reactions were conducted in a 100 mL Parr 5500 series batch 

reactor equipped with a 4848-control system and a glass liner. In every experiment, 75 mg of 

the catalyst was added to 2 mmol of bio-derived FUR in 10 mL of acetic acid. The reactor was 

pressurised with 2 MPa of O2, and the reaction mixture was stirred at 500 rpm at 100 °C for 

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 chromatography-flame ionisation detection (GC-

FID) using an Agilent HP-5MS column (30 m Ĭ 0.25 mm Ĭ 0.25 ɛm). FUR conversion and 

product yields were quantified using an external calibration curve constructed from known 

standards, using the following equations: 

ὊὟὙ ὧέὲὺὩὶίὭέὲ Ϸ  
άέὰὩί έὪ ὊὟὙ ὶὩὥὧὸὩὨ

ὭὲὭὸὭὥὰ ὲόάὦὩὶ έὪ άέὰὩί έὪ ὊὟὙ
 ρππ 

          Equation 3.7 

ὖὶέὨόὧὸ ώὭὩὰὨ Ϸ  
άέὰὩί έὪ ὴὶέὨόὧὸ ὴὶέὨόὧὩὨ

ὭὲὭὸὭὥὰ ὲόάὦὩὶ έὪ άέὰὩί έὪ ὊὟὙ
 ρππ 

          Equation 3.8 

The CO2 yield was estimated assuming it was produced during the formation of products 

containing C4 carbons, as the initial carbon input was C5 (FUR). The following equation was 

used for the calculations: 

ὉίὸὭάὥὸὩὨ ὅὕ ὧὥὶὦέὲ ώὭὩὰὨ Ϸ  
ВάέὰὩί έὪ ὴὶέὨόὧὸί ὧέὲὸὥὭὲὭὲὫ ὅ

ὭὲὭὸὭὥὰ ὲόάὦὩὶ έὪ άέὰὩί έὪ ὊὟὙ
 ρππ 

          Equation 3.9 
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The quantitative evaluations were also conducted by Dr Kasanneni Tirumala Venkateswara 

Rao.  



122 
 

3.4 References 

1. Prasadam VP, Bahlawane N, Mattelaer F, Rampelberg G, Detavernier C, Fang L, et al. 

Atomic layer deposition of vanadium oxides: process and application review. Mater. 

Today Chem. 2019;12:396-423. doi:10.1016/j.mtchem.2019.03.004 

2. Badot JC, Mantoux A, Baffier N, Dubrunfaut O, Lincot D. Thermoelectric properties of 

V2O5 thin films deposited by thermal evaporation. J. Mater. Chem. 2004;14: 3411-3415. 

doi:10.1039/b410324f 

3. Van KL, Groult H, Mantoux A, Perrigaud L, Lantelme F, Lindström R, et al. Amorphous 

vanadium oxide films synthesised by ALCVD for lithium rechargeable batteries. J. 

Power Sources 2006;160:592-601. doi:10.1016/j.jpowsour.2006.01.049 

4. Fleischmann S, Jäckel N, Zeiger M, Krüner B, Grobelsek I, Formanek P, et al. Enhanced 

electrochemical energy storage by nanoscopic decoration of endohedral and exohedral 

carbon with vanadium oxide via atomic layer deposition. Chem. Mater. 2016;28:2802-

2813. doi:10.1021/acs.chemmater.6b00738 

5. Badot JC, Ribes S, Yousfi EB, Vivier V, Pereira-Ramos JP, Baffler N, et al. Atomic 

layer epitaxy of vanadium oxide thin films and electrochemical behavior in presence of 

lithium ions. Electrochem. Solid-State Lett. 2000;3:485-488. doi:10.1149/1.1391187 

6. Zhang L, Jiang C, Wu C, Ju H, Jiang G, Liu W, et al. V2O5 as hole transporting material 

for efficient all inorganic Sb2S3 solar cells. ACS Appl. Mater. Interfaces 2018;10:27098-

27105. doi:10.1021/acsami.8b09843 

7. Niang KM, Bai G, Robertson J. Influence of precursor dose and residence time on the 

growth rate and uniformity of vanadium dioxide thin films by atomic layer deposition. 

J. Vac. Sci. Technol. A 2020;38:042401. doi:10.1116/6.0000152 

8. Vos MFJ, Macco B, Thissen NFW, Bol AA, (Erwin) Kessels WMM. Atomic layer 

deposition of molybdenum oxide from (NtBu)2(NMe2)2Mo and O2 plasma. J. Vac. Sci. 

Technol. A 2016;34:01A103. doi:10.1116/1.4930161 

9. Cai J, Han X, Wang X, Meng X. Atomic layer deposition of two-dimensional layered 

materials: processes, growth mechanisms, and characteristics. Matter 2020;2:587-630. 

doi:10.1016/j.matt.2019.12.026 



123 
 

10. Lee S, Yang HL, Kim B, Lee J, Lim H, Park J-S. Atomic layer deposition of 

molybdenum oxide using (NtBu)2(NMe2)2Mo, hydrogen peroxide (H2O2), and 

ozone (O3) for DRAM application. Ceram. Int. 2023;49:5292-5297. 

doi:10.1016/j.ceramint.2022.10.047 

11. Lin J, Ma D, Li Y , Zhang P, Mi H, Deng L, et al. In situ nitrogen doping of TiO2 by 

plasma enhanced atomic layer deposition for enhanced sodium storage performance. 

Dalt. Trans. 2017;46:13101-13107. doi:10.1039/c7dt03303f 

12. Sperling BA, Kalanyan B, Maslar JE. Atomic layer deposition of Al2O3 using 

trimethylaluminum and H2O: the kinetics of the H2O Half-Cycle. J. Phys. Chem. C 

2020;124:3410-3420. doi:10.1021/acs.jpcc.9b11291 

13. Juppo M, Rahtu A, Ritala M, Leskela M. In situ mass spectrometry study on surface 

reactions in atomic layer deposition of Al2O3 thin films from trimethylaluminum and 

water. Langmuir 2000;16:4039-4039. doi:10.1021/la991183 

14. Puurunen RL. Surface chemistry of atomic layer deposition: a case study for the 

trimethylaluminum/water process. J. Appl. Phys. 2005;97:121301. 

doi:10.1063/1.1940727 

15. Xu H, Akbari MK, Hai Z, Wei Z, Hyde L, Verpoort F, et al. Ultra-thin MoO3 film goes 

wafer-scaled nano-architectonics by atomic layer deposition. Mater. Des. 

2018;149:135-144. doi:10.1016/j.matdes.2018.04.007 

16. Kim MJ, Carpenter RW. Composition and structure of native oxide on silicon by high 

resolution analytical electron microscopy. J. Mater. Res. 1990;5:347-351. 

doi:10.1557/JMR.1990.0347 

17. Thommes M, Kaneko K, Neimark AV, Olivier JP, Rodríguez-Reinoso F, Rouquerol J, 

et al. Physisorption of gases, with special reference to the evaluation of surface area and 

pore size distribution (IUPAC Technical Report). Pure Appl. Chem. 2015;87:1051-

1069. doi:10.1515/pac-2014-1117 

18. Sujiono EH, Zabrian D, Zurnansyah, Mulyati, Zharvan V, Samnur, et al. Fabrication 

and characterization of coconut shell activated carbon using variation chemical 

activation for wastewater treatment application. Results Chem. 2022;4:100291. 

doi:10.1016/j.rechem.2022.100291 



124 
 

19. Kabir R, Anwar S, Yusup S, Sham S, Inayat M, Aminu H. Exploring the potential of 

coconut shell biomass for charcoal production. Ain Shams Eng. J. 2022;14:101499. 

doi:10.1016/j.asej.2021.05.013 

20. Sakthivel R, Arfayeen RM, Aruna R, Fathima GT, Rizwana R, Abinaya A. A review on 

harnessing the potential of coconut shell activated carbon and nitrogen-doped activated 

carbon-catalysts for sustainable power generation. Orient. J. Chem. 2024;40:520-527. 

doi:10.13005/ojc/400226 

21. Achaw O-W, Afrane G. The evolution of the pore structure of coconut shells during the 

preparation of coconut shell-based activated carbons. Microporous Mesoporous Mater. 

2008;112:284-290. doi:10.1016/j.micromeso.2007.10.001 

22. Hussain OA, Hathout AS, Abdel-Mobdy YE, Rashed MM, Abdel Rahim EA, Fouzy 

ASM. Preparation and characterization of activated carbon from agricultural wastes and 

their ability to remove chlorpyrifos from water. Toxicol. Reports 2023;10:146-154. 

doi:10.1016/j.toxrep.2023.01.011 

23. Kibami D, Pongener C, Rao KS, Sinha D. Surface Characterization and adsorption 

studies of Bambusa vulgaris-a low cost adsorbent. J. Mater. Environ. Sci. [Internet] 2017 

[cited 2025 Jul 24];8:2494-2505. Available from: 

https://www.jmaterenvironsci.com/Document/vol8/vol8_N7/268-JMES-1165-

Kibami.pdf  

24. Tiznado H, Domínguez D., Muñoz-Muñoz F, Romo-Herrera J, Machorro R, Contreras 

OE, Soto G. Pulsed-bed atomic layer deposition setup for powder coating. Powder 

Technol. 2014;267:201-207. doi:10.1016/j.powtec.2014.07.034 

25. Losurdo M, Bergmair M, Bruno G, Cattelan D, Cobet C, De Martino A, et al. 

Spectroscopic ellipsometry and polarimetry for materials and systems analysis at the 

nanometer scale: state-of-the-art, potential, and perspectives. J. Nanopart. Res. 

2009;11:1521-1554. doi:10.1007/s11051-009-9662-6 

26. Newbury DE, Ritchie NWM. Is scanning electron microscopy/energy dispersive X-ray 

spectrometry (SEM/EDS) quantitative? Scanning 2013;35:141-168. 

doi:10.1002/sca.21041 

27. Nilsen JS, van Helvoort ATJ. Composition Analysis by STEM-EDX of Ternary 

https://www.jmaterenvironsci.com/Document/vol8/vol8_N7/268-JMES-1165-Kibami.pdf
https://www.jmaterenvironsci.com/Document/vol8/vol8_N7/268-JMES-1165-Kibami.pdf


125 
 

Semiconductors by Internal References. Microsc. Microanal. 2022;28:61-69. 

doi:10.1017/S1431927621013672 

28. Primetzhofer D, Spitz M, Markin SN, Taglauer E, Bauer P. Influence of surface structure 

and composition on neutralization of 4He+ ions scattered from noble metals and alloy 

surfaces. Phys. Rev. B 2009;80:125425. doi:10.1103/PhysRevB.80.125425. 

29. Aono M, Souda R. Inelastic processes in ion scaterring spectroscopy of solid surfaces. 

Nucl. Instruments Methods Phys. Res. B 1987;27:55-64. doi:10.1016/0168-

583X(87)90007-3 

30. PrŢġa S, Linford MR, Vaníckova E, Babík P, Pinder JW, Sikola T, et al. A practical 

guide to interpreting low energy ion scattering (LEIS) spectra. Appl. Surf. Sci. 

2024;657:158793. doi:10.1016/j.apsusc.2023.158793 

31. Bruner P, Grehl T, Brongersma H, Detlefs B, Nolot E, Grampeix H, et al. Thin film 

analysis by low-energy ion scattering by use of TRBS simulations. J. Vac. Sci. Technol. 

A 2015;33:01A122. doi:10.1116/1.4901451 

32. Rao KTV, Inns DR, Winter JN, Manning TD, Claridge JB, Katsoulidis AP, et al. 

Solvent-free synthesis of mesoporous MoO3-V2O5/Al 2O3 catalyst for liquid phase 

selective oxidation of furfural to maleic anhydride. Appl. Catal. A, Gen. 

2025;700:120308. doi:10.1016/j.apcata.2025.120308



126 
 

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 discussed in 2.5.3) and implementation of processes with approximately 

10s to 1000s of times longer doses and purges, as compared to conventional ALD.1-28;i ,ii  

However, studies involving the deposition of metal oxides have consistently reported higher 

growth on powders than on planar substrates for the same number of cycles, leading to pore 

blockage in porous powders,29-31 loss of atomic-scale precision, especially during initial 

cycles,30-34;i and a non-uniform, non-conformal coating across the powder particles.24,35,34,7 In 

the literature, this enhanced deposition and loss of control are hypothesised to be caused by a 

higher concentration of surface hydroxyl sites on powders as compared to planar substrates,34,9 

residual H2O in the powders,33,23 and CVD-like contributions, mainly due to reactor 

limitations.36,37,9,25;iii  These causes have not been systematically investigated or mitigated, 

limiting the true potential of ALD from being leveraged on powders.29 

Among the investigated metal oxides, powder ALD of vanadium oxide (VOx) has attracted 

particular interest due to its applications in electrochemical energy storage,29,31,25,38-40 and 

catalysis.41,42 Most of these studies used vanadium tri-isopropoxide (VTIP) and H2O to deposit 

VOx.
29,31,38,25,40 Therefore, VTIP and H2O were chosen in this work to develop, optimise, and 

validate a robust powder ALD process for VOx.  

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

powder ALD behaviour and develop mitigation strategies to achieve true self-limiting growth 

 
i Groner M. Final report: Novel ALD-coated nanoparticle anodes for enhanced performance lithium-ion 
batteries [Internet]. U.S. Department of Energy; 2009. [cited 2024 May 8]. OSTI ID 1105907. Available from: 
https://www.osti.gov/search/semantic:1105907  
ii 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  
iii 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  

https://www.osti.gov/search/semantic:1105907
https://publications.anl.gov/anlpubs/2014/10/108881.pdf
https://digitalcommons.library.umaine.edu/honors/286
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on powders. This was realised by employing an in-situ gas characterisation unit and conducting 

post-deposition analysis. This chapter details the process development for the ALD of VOx, 

from planar baseline substrates to high-surface-area powder substrates and demonstrates the 

effectiveness of the proposed mitigation strategies for realising a self-limiting powder ALD. 



129 
 

4.2 Results 

4.2.1 Process Development for ALD of VOx on Flat Substrates 

Based on the literature review conducted in 2.6.1, VTIP was chosen as the vanadium precursor 

and H2O was chosen as the coreactant for ALD of VOx in this work, as they are easy to handle 

and generate benign byproducts. In this section, a systematic study was conducted to determine 

the growth parameters for ALD in the OpAL reactor (described in 3.2.1) for flat substrates 

before developing the recipe for powders. 

Initially, saturation studies were performed to determine the self-limiting nature of the process, 

followed by a linear growth graph. Based on the literature review conducted in 2.6.2, the growth 

temperature was set to 150 °C as an empirical starting point, ensuring sufficient thermal energy 

to drive self-limiting surface reactions while avoiding precursor condensation and thermal 

decomposition.43,44,29,25,37 The ALD cycle and process parameters are discussed in 3.2.4.1. All 

depositions were carried out on silicon [Si(100)] wafers (3.2.3.1), and the deposition 

thicknesses were measured using ellipsometry (3.3.2). Later, the nature and morphology of 

deposition were investigated using SEM-EDX and XRD in an annealing study. 

4.2.1.1 Ellipsometry results 

(i) Saturation study 

The self-limiting behaviour, a key feature of ALD, was investigated through surface saturation 

studies of both H2O and VTIP. 200 VOx ALD cycles were executed for each run in this study. 

In the H2O dose saturation study (Figure 4.1 (a)), the number of 50-ms H2O doses was varied 

from 1 to 20, and the number of 250-ms VTIP doses was fixed to 5 per cycle. The depositions 

were conducted for two different H2O purge times, 7 s and 18 s, with VTIP purging fixed for 

6 s. For the VTIP saturation study (Figure 4.1 (b)), VTIP doses were varied from 1 to 5, while 

the number of H2O doses was fixed to 15 with a 7-s purge. Irrespective of the number of VTIP 



130 
 

doses, it was purged for 6 s every ALD cycle. The particular purge times were selected based 

on the study conducted by Song et al. to achieve a growth per cycle (GPC) of 0.3 Å/cycle.45 

Furthermore, the 0.3 Å/cycle GPC value has been reported by most publications and hence was 

taken as a benchmark for optimising processes.38,44-47 
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Figure 4.1: Growth per cycle (GPC) as a function of the number of reactant doses on Si wafers at 
150 °C for 200 cycles: (a) with 50-ms H2O doses (number of 250-ms VTIP doses fixed to 5) and (b) with 
250-ms VTIP doses (number of 50-ms H2O doses fixed to 15 with 7-s purge). Two consecutive doses 
were separated by 1 s for both reactants. 
 

To obtain GPC values in this study, ellipsometer-measured thicknesses were first corrected for 

the 20 ± 5 Å native SiO2 layer on Si wafers, and then the corrected thicknesses were divided 

by 200 (as 200 ALD cycles were used). The GPC was observed to exhibit soft saturation 

(a) 

(b) 
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behaviour with increasing number of H2O doses, from 0.15 Å/cycle for a single dose to almost 

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

~0.3 Å/cycle after 10 H2O doses when the purge was set to 7 s, whereas the same GPC value 

was reached with just 5 doses when the purge duration was increased to 18 s. This observation 

deviated from standard ALD expectations.45,48,6 It was hypothesised that this behaviour was 

due to the more complete regeneration of reactive -OH surface sites following H2O doses 

during the longer purge time. Like H2O, the VTIP saturation curve also exhibited soft 

saturation, but VTIPôs GPC levelled off much more rapidly. The plateauing of the GPC value 

at ~0.3 Å/cycle was observed after only 3 VTIP doses. 

The process parameters for efficient precursor utilisation were identified as 5 50-ms H2O doses 

followed by 18 s of purge, and 3 250-ms VTIP doses followed by 6 s of purge per ALD cycle. 

(ii) Growth characterisation study 
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Figure 4.2: Ellipsometry thickness measurements with corresponding refractive indices as a function 
of the number of VOx ALD 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 in 3.2.4.1). Along with the film thicknesses, refractive indices were also 

measured using the ellipsometer to understand how the optical properties vary with thickness, 

as explained in 3.3.2 (Figure 4.2). 

The thickness was observed to increase linearly within the error limits (± 0.5 nm) with the 

number of cycles, suggesting cycle-dependent growth. A GPC of 0.25 Å/cycle was evaluated 

from the thickness plot in Figure 4.2. This was slightly lower than that obtained in saturation 

studies (0.3 Å/cycle), which can be attributed to the different optical models used in the 

ellipsometer to evaluate thicknesses in both experiments (3.3.2). An optical model employing 

a default refractive index of 1.460 was used in saturation 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 from Figure 4.2 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 1200. The lower refractive index values observed at smaller cycle numbers likely 

arise from interfacial effects between the thin VOx film and native SiO2 layer. However, the 

refractive index becomes more representative of the deposited material as the film density 

increases with thickness.49 

(iii) 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 thick VOx film using 

1000 ALD cycles. Si wafers were spread radially from the geometric center of the heated 

platen, and deposition thicknesses were measured using ellipsometry (3.3.2). The maximum 

thickness (~25 nm) was measured at the center, plotted as 100% deposition in Figure 4.3. 
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Approximately 98% of the deposition (~24 nm) was noted at ± 5 cm from the center, whereas 

deposition decreased by approximately 10% (22.5 nm) at the peripheral positions (± 8 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 platen.50,6,51 

 

Figure 4.3: Relative deposition based on ellipsometry thickness measurements on Si wafers spread 
across the heated platen after 1000 VOx ALD cycles at 150 °C. 
 

4.2.1.2 Annealing study 

An annealing study was conducted to investigate the nature of as-grown (AG) VOx films and 

the changes they undergo upon thermal treatment. To ensure a true material representation and 

minimise effects due to localised substrate defects, dense VOx films, prepared using 1000 ALD 

cycles (25 nm-thick), were chosen for this study. The annealed samples were prepared by 

heating 1000-cycle Si wafers at temperatures ranging from 300 to 600 °C for 2 hours in air in 

a tube furnace. XRD and SEM-EDX were used in conjunction to characterise the filmôs 
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crystallinity, phase composition, and surface morphology as a function of annealing 

temperature. 

(i) X-ray diffraction (XRD) 

XRD analysis was conducted, as explained in 3.3.3, on ALD-deposited VOx films before and 

after annealing, and the results are plotted in Figure 4.4. The as-grown (AG) films were observed 

to be amorphous, with negligible diffraction intensity across the measured 2ɗ range, consistent 

with the literature.52,44 The film remained largely amorphous upon annealing up to 350 °C. 

However, at 400 °C, a weak diffraction peak corresponding to V2O5 (001) at 2ɗ å 20.2Á began 

to emerge,53 indicating the onset of crystallisation. The peakôs intensity increased as the 

temperature was increased to 450 °C and 500 °C, suggesting progressive crystallisation of the 

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

2ɗ å 28.3° and 41.2°, corresponding to VO2 (011) and V2O5 (002), respectively.53 

Subsequently, the intensity of the (001) peak increased 5-fold, reflecting an improved long-

range order with preferential orientation along the c-axis. A grain size of 20 nm was calculated 

from the (001) peak obtained for the film annealed at 600 °C using the Debye-Scherrer 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 

2ɗ å 33Á corresponded to the symmetry-forbidden Si (200) reflection. This peak appeared 

variably due to differences in in-plane sample orientation and scan geometry.54 
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Figure 4.4: XRD patterns for VOx-coated Si wafers with 1000 ALD cycles at 150 °C and annealed at 
temperatures ranging from 300 to 600 °C for 2 hours in air. 
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(ii) Scanning electron microscopy with energy dispersive X ray spectroscopy (SEM-EDX) 

 

Figure 4.5: Scanning electron micrographs of 1000-cycle VOx films on Si wafers in the (a) as-grown 
(AG) state and post-annealed state, with annealing temperatures of (b) 300, (c) 350, (d) 400, (e) 450, 
(f) 500, (g) 550 and (h) 600 °C. 
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Scanning electron micrographs (3.3.4) were obtained for the AG VOx thin film and for those 

annealed at temperatures from 300 °C (AG) to 600 °C (Figure 4.5). The AG VOx film deposited 

at 150 ÁC exhibited an almost featureless surface, indicating a conformal, amorphous coating 

on Si. A few dust particles on the surface, seen as bright spots, were used for focusing 

(Figure 4.5 (a)). No observable change in morphology was detected in the deposited films after 

annealing at 300 °C and 350 °C (Figure 4.5 (b) and (c)). However, sparsely distributed circular 

spots with concentric rings were observed across the surface as the annealing temperature was 

increased to 400 °C (Figure 4.5 (d)). The concentric rings exhibited dark and bright contrasts, 

ranging from 10 to 80 ɛm in diameter. The brighter contrast was due to the formation of rod-

like crystallites, while the darker contrast had a featureless, smooth surface, as analysed at 

higher magnification in Figure 4.6 (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 temperatures (Figure 4.5 (e)). Multiple faint dark spots, ~10 ɛm in diameter, 

corresponding to the center of nucleation regions, were observed dispersed across the Si wafer 

at lower magnification. At higher magnification in Figure 4.6 (b), an increased formation of rod-

like crystals was observed at the periphery of ~10 ɛm nucleation centers. These rods were more 

defined than those observed in the film annealed at 400 °C, with widths of 80-100 nm and 

lengths ranging from 0.5 to 4 ɛm. The EDX elemental map acquired from a part of the SEM 

image showed strong, spatially correlated V and O signals from the rod-like crystallites, while 

the nucleation center appeared V-deficient. This indicated that the thermal treatment facilitated 

dewetting of the amorphous VOx films from the Si wafers to form discrete V2O5 (as per the 

XRD results) crystals.55 
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Figure 4.6: Higher magnification SEM-EDX analysis of 1000-cycle VOx/SiO2 films annealed at (a) 400, 
(b) 450 and (c) 600 °C. 
 

The roughness was observed to increase progressively in the SE images as the annealing 

temperature was increased from 450 °C to 600 °C (Figure 4.5 (e)-(h)), which was attributed to 

increased dewetting with temperature and to the corresponding increase in V2O5 crystallinity 

(in line with the XRD results).55 Furthermore, the EDX elemental maps (3.3.4) at higher 

magnification for the film annealed at 600 °C confirmed that the V and O signals were spatially 

localised to the rods (Figure 4.6 (c)). The rods had widths of approximately 250-280 nm and 

lengths ranging from 0.5-5 ɛm (Figure 4.6 (c)). The widths were more than an order of 

magnitude larger than the grain size calculated from XRD, suggesting that the rods were 

aggregates of multiple diffracting crystallites.56,53 
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4.2.2 Transferring the VOx Deposition Process onto Powders 

The ALD VOx 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 associated with powder 

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 determining the optimum process 

conditions. Therefore, a systematic transfer of the ALD process on powders with robust 

characterisations is described in the remaining chapter. 

4.2.2.1 Determining Process Parameters for Powder ALD 

A twin-chamber powder adapter, as described in 3.2.1.1, 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 process parameters 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 precursor flow dynamics through the 

powder adapter using in situ analyses. 

(i) Temperature stabilisation of the adapter 

ALD growth via surface reactions is strongly dependent on the substrateôs temperature, called 

the growth temperature (Tg). 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 powder ALD setup, the 

powder adapter was installed in the OpAL reactor chamber 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 150 °C for depositing VOx in the previous section (4.2.1), the same 

temperature was sought for depositing VOx on powders. Therefore, the platen temperature was 

set to 150 °C. However, the upper and lower chamber heaters had a temperature limit of 120 °C 

and could not be increased to 150 °C. A K-type thermocouple was installed in an empty powder 

adapter to confirm the temperature within the powder chambers and to determine the time 

required to reach the desired temperature. To accurately measure the thermal environment of 

the powder particles, 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 and the chamber was evacuated. The measured 

temperature as a function of time under constant pumping conditions is plotted in Figure 4.7 

with triangles (plot 150 °C). A square plot is also included in Figure 4.7, during which a 

continuous flow of Ar gas at 40 sccm was used in addition to pumping (150 °C with Ar flow). 

0 10 20 30 40 50 60 70
0

20

40

60

80

100

120

140

 150 C

 150 C (with Ar flow)T
e
m
p
e
r
a
t
u
r
e
 
i
n
 
p
o
w
d
e
r
 
c
h
a
m
b
e
r
 
(

C
)

Time (min)  

Figure 4.7: Temperature evolution in the empty powder chamber when Tg = 150 °C and upper and 
lower chamber heaters = 120 °C with and without a constant Ar flow of 40 sccm. 
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During no Ar flow (150 °C plot), heat transfer most probably occurred through a combination 

of radiation, convection and conduction.iv ,v 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 flow followed the classic Newtonôs first-order heating model, suggesting convective heat 

transfer.iv,v It was evident from the plots in Figure 4.7 that the Ar flow accelerated the heating 

process, but the temperature in the powder chamber reached 126 °C only after 1 hour of Ar gas 

flow. It was observed that the temperature stabilised at ~135 °C after 3 hours under constant 

pumping conditions (not shown here). It was 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 H2O when the Tg changes from 126 °C to 135 °C, as these are 

within the reported ALD window of 50-150 °C.43,44,29,25,37,47 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 reactorôs base pressure decreased slightly from 25 mTorr 

to 22.7 mTorr, prompting a dedicated degassing study for standardisation. It was hypothesised 

that the stainless-steel filter frits, with an average pore size of 25 µm, used in the powder 

adapter, would adsorb moisture due to their high surface area, and may degas the moisture 

when heated under vacuum.vi For a systematic investigation of the outgassed species, Gencoa 

Optix gas sensor output was monitored (sensor and measurement details in 3.3.1). 

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 CO2  

 
iv Cengel YA. Heat transfer: a practical approach. 2nd ed. Boston, MA: McGraw-Hill; 2006. ISBN 978-
0072458930. 
v Holman JP. Heat transfer. 10th ed. New York, NY: McGraw-Hill; 2010. ISBN 978-0073529363. 
vi Chiggiato P. Outgassing properties of vacuum materials for particle accelerators [Internet]. Geneva: CERN; 
2020. [cited 2026 Feb 4]. Report No.: CERN-ACC-2020-0009. Available from: 
https://cds.cern.ch/record/2723690/files/2006.07124.pdf  

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 reached the gas sensorôs operating range (Figure 4.8 (a)). OH 

was the representative marker for adsorbed H2O, and CO2
+ was that for organic species. The 

partial pressure of CO2  remained stable over the observed period, with noise oscillations 

around a constant value of ~5.6 × 10-5 mbar. Conversely, the partial pressure plot of OH 

decreased from a slightly higher initial value of 9.4 × 10-5 mbar to a stabilised value of 

8.6  × 10-5 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 H2O 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 from a high-surface-area powder. 

Such powders are expected to adsorb water vapour and other atmospheric gases, which may 

outgas when heated under vacuum.33 Additionally, residual contaminants or volatile 

compounds trapped within or on the powder particles from synthesis, handling, or storage can 

also contribute to outgassing.vii This outgassing can substantially disrupt the deposition process 

and hinder reproducibility;33 hence, it was necessary to understand the degassing behaviour 

before developing powder coating processes. 

  

 
vii Jousten K. Thermal outgassing. In: CAS ς CERN Accelerator School: Vacuum Technology. Geneva: CERN; 1999. 
p. 111-125. doi:10.5170/CERN-1999-005.111. 
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Figure 4.8: RP-OES detected partial pressures of OH and CO2
+, under constant pumping of the OpAL 

chamber with (a) empty and (b) 500 mg of Al2O3-loaded powder adapter.  
  

About 500 mg of Al2O3 powder (characterised in 3.2.3.2 (i)) was evenly distributed between the 

two chambers of the adapter. Data logging for partial pressures of OH and CO2  was initiated 

soon after OpALôs pressure (with the powder-loaded adapter) was within the sensorôs operating 

range (Figure 4.8 (b)). The partial pressures of OH and CO2  dropped rapidly over the initial 

(a) 

(b) 
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10 min as the reactor pumped down. Thereafter, the partial pressures followed an exponential 

decay, demonstrating first-order outgassing kinetics of trapped volatiles from the powder as it 

was heated. An outgassing equation derived from Fick's law of diffusion was fitted to the 

residual gas data for characterising the outgassing behaviour of the adsorbed species 

(Figure 4.8 (b)):viii  

ὖὸ ὖ ὖ Ὡ Ⱦ 

                     Equation 4.1 

where, 

ὖ  - baseline pressure (asymptotic value), 

ὖ - initial excess pressure due to outgassing (after ~10 min of pump down), 

† - outgassing time constant (min) 

A successful removal of moisture from the system was evident from the OH plot, as 

ὖ ὕὌ  ψȢχ ρπ άὦὥὶ was very close to OHôs baseline value of 8.6 × 10-5 mbar. 

However, the ὖ  for CO2
+ was approximately ς ρπ άὦὥὶ higher than the base value, 

indicating continuous desorption of organic volatiles from the Al2O3 powder, even after 95 min 

of pumping. These organics could prevent reactions at surface sites,48,6 promote parasitic 

reactions,33 and introduce impurities,48,6 compromising ALDôs controlled deposition.33 

Mitigation strategies for this outgassing, including thermal pre-annealing and chemical surface 

modification, are investigated later in this chapter. 

 

 

 

 
viii Chiggiato P. Outgassing properties of vacuum materials for particle accelerators [Internet]. Geneva: CERN; 
2020. [cited 2026 Feb 4]. Report No.: CERN-ACC-2020-0009. Available from: 
https://cds.cern.ch/record/2723690/files/2006.07124.pdf  

https://cds.cern.ch/record/2723690/files/2006.07124.pdf
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(iii) Precursor Flow Dynamics 
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Figure 4.9: RP-OES detected overall chamber pressure and partial pressures of OH and H after a 30-
ms H2O 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 the gas-phase pathway and 

flow dynamics within the ALD reactor chamber. The Optix gas sensor was used to investigate 

(a) 

(b) 
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the impact of this geometric modification on precursor delivery and residence time. Single 

doses of H2O 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 H2O, 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 contributions 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 30-ms H2O dose, sharp, narrow OH and H peaks were observed for the standard reactor 

configuration (without the powder adapter) (Figure 4.9 (a)), whereas notably broader tailing 

peaks were observed with the powder adapter in the reactor chamber (Figure 4.9 (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 high-surface-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 characterise the H2O flow. The H2O pump-out times of 

9.5 s and 37.5 s were evaluated for the two reactor configurations, respectively, using the 

baseline OH partial pressure as the reference. As evident from the integration areas in Figure 4.9, 

the longer pump-out time through the adapter also resulted in substantially greater H2O 

detection by the sensor. This observation was attributed to the sensorôs operating principle, 

where it samples the chamber gas every 0.5 s (3.3.1). 

A bubbler was used for VTIP, with Ar as the carrier gas to improve its delivery, as explained 

in 3.2.2.1. 500 ms doses were introduced with two different carrier gas flow rates (50 and 

150 sccm) 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 

(Figure 4.10 (a)). In contrast, the Ar peaks broadened in the presence of the adapter, 

demonstrating a slower transit through the geometry, as expected (Figure 4.10 (b)). An 

approximate delay of 22 s 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 pump-outs is due to the sensorôs sampling operation. 

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 

((Figure 4.10 (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 regardless of the carrier gas flow rate, or the difference 

couldnôt be detected due to the sensorôs sampling operation. Nevertheless, the temporal profiles 

of O, OH and CH suggested that a small amount of VTIP was introduced into the reactor per 

dose (Figure 4.10 (a)). Subsequently, none of VTIPôs representative markers was detected when 

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 

sensor was below the sensorôs detection limit. 

This part of the study provided a rationale for developing a multi-dose and multi-purge powder 

ALD cycle to ensure sufficient precursor delivery for deposition on high-surface-area powders 

and to facilitate purging of reactants from the powder adapter to prevent gas-phase reactions, 

respectively. 
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Figure 4.10: RP-OES detected overall chamber pressure and partial pressures of O, CH and Ar after a 
500 ms VTIP dose with Ar carrier flow rates of 50 and 150 sccm 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 developed (3.2.4.2 (i)) using multiple doses and purges of both VTIP 

(10 doses, 5 purges) and H2O (5 doses, 5 purges) per ALD cycle. During multiple doses, 2-s 

and 500-ms delays were introduced after individual 500-ms VTIP and 30-ms H2O doses, 

respectively, to replenish the vapours for delivery. During multiple purges, individual 10-s 

purges were separated by 15-s pump steps, i.e. constant pumping of the reactor chamber with 

no gas flow, to create a pulsed fluidised bed (as explained in 2.5.4), for both VTIP and H2O. 

One complete ALD cycle took approximately 5 min. 

About 300 mg of Al2O3 powder, pre-annealed at 700 °C for 1 hour in air (3.2.3.2 (i)), was equally 

distributed between the two chambers of the adapter. The thermal treatment was used to remove 

organic volatiles from Al2O3, based on the results from 4.2.2.1 (ii). After degassing and 

temperature stabilisation for 1 hour, the developed recipe was used to deposit VOx on Al2O3 

powder by varying the number of ALD cycles from 1 to 200. Witness Si wafers were placed 

on the platen (3.2.3.1), at 150 °C, to compare the results with those obtained previously with 

the flat sample recipe (Figure 4.2). The upper and lower chamber temperatures were maintained 

at 120 °C in this experiment. The experiment was repeated without the Al2O3 powder in the 

adapter, i.e. empty powder adapter with 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 VOx deposition on the Al2O3 powder was characterised for 

uniformity and conformality using optical microscopy and low-energy ion scattering (LEIS) 

analysis.  

(i) Ellipsometry Results 

Ellipsometry measurements (3.3.2) on Si wafers with and without the powder in the reactor are 

plotted in Figure 4.11 to understand the influence of powder on VOx deposition. 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 VOx differed significantly between the two sets. A GPC of 0.35 Å/cycle 

was obtained without the powder, while 0.6 Å/cycle was obtained with the powder in the 

reactor. This observation suggested that the powder facilitated parasitic contributions to the 

VOx deposition, likely due to incomplete purging and/or moisture outgassing from the powder, 

which may have reset during H2O doses despite pre-deposition degassing. Furthermore, the 

0.35 Å/cycle GPC on Si wafers with the powder VOx recipe (without the powder) was higher 

than that previously obtained for VOx (~0.25 Å/cycle) using the flat sample recipe. Ideally, 

identical GPCs were expected throughout these experiments for a self-limiting ALD, and the 

higher GPCs indicated non-ALD contributions in the depositions. This could be due to residual 

moisture in the reactor and/or CVD-like contributions caused by partial decomposition of the 

VTIP precursor because of extended residence time. 
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Figure 4.11: Ellipsometry thickness measurements as a function of the number of VOx ALD cycles on 
witness Si wafers placed on the platen at 150 °C, with powder adapter either empty or loaded with 
300 mg of Al2O3 powder, annealed at 700 °C.   
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(ii) Analysis using Optical Microscopy 

 

Figure 4.12: An optical microscope image of particles in the samples prepared using 50 VOx cycles on 
annealed Al2O3 powder. 
 

All Al 2O3 powder samples prepared with 1 to 200 ALD cycles appeared free-flowing 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 was non-uniform when 

observed under an optical microscope. An example is shown in Figure 4.12 for the sample 

prepared with 50 VOx ALD cycles. Approximately 70% of the Al2O3 particles appeared in 

varying shades of yellow and black, while the rest were white, like uncoated Al2O3. This 

suggested that the developed powder process yielded uncontrolled non-ALD depositions. 

(iii) Low-Energy Ion Scattering (LEIS) 

Low-energy ion scattering (LEIS) was also employed for the 50-cycle 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 for 10 mins using O2 plasma before analysis 

(details are discussed in 3.5.6). The LEIS spectrum was acquired after cleaning by probing an 

area of 2 × 2 mm, as shown in Figure 4.13 (a). Surface peaks were observed for oxygen (O), 

aluminium (Al), and vanadium (V) at about 1116, 1650, and 2160 eV, respectively. The 

V surface peak indicated VOx deposition, and the Al surface peak suggested the presence of 
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uncoated Al2O3 surfaces in the probed area. Furthermore, the non-uniformity in deposition was 

evident from the lateral distribution images for Al and V in Figure 4.13 (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 Figure 4.13) and vice versa, confirming non-uniform, non-ALD VOx deposition with the 

developed powder process. 
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Figure 4.13: (a) LEIS spectrum acquired from the annealed Al2O3 powder after it was subjected to 
50 VOx cycles, and distribution of (b) Al and (c) V across a probed area 2 x 2 mm, with the sample 
mounted on a carbon tape. 
 

The higher GPCs observed on 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 the non-ALD behaviour. 
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4.2.2.3 Investigating and Mitigating the Causes of Non-ALD Contributions 

Firstly, the in-built leak checks were conducted on the reactor chamber and the connecting lines 

to confirm that the system was leak-free. The non-uniform deposition due to non-ALD 

behaviour was hypothesised to be caused by a combination of interconnected factors, including 

backflow of volatile species from the pump, CVD-like contributions due to partial 

decomposition of the precursor, incomplete purging and/or resetting of moisture in the powder 

during H2O dose, nullifying the pre-deposition degassing, and inadequate fluidisation of the 

powder. Strategic experiments were designed to investigate each factor individually, and 

mitigation strategies were adopted to establish a self-limiting powder ALD process. 

(i) 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 no gas was flown 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 H2O 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 

deposition was detected. The powder recipe was then modified to replace the static pumping 

steps with Ar purge steps with a flow rate of 100 sccm. The hypothesis was that the Ar flow 

would help maintain unidirectional gas transport and suppress back-streaming of chemical 

species from the pump. The experiment without H2O doses was repeated after this 

modification, and a thickness of 20.2 Å was measured on the Si wafer, which was within the 

error range of the native SiO2 layer (20 ± 5 Å), suggesting negligible deposition. This 

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 4.14: Ellipsometry thickness measurements as a function of growth temperature on Si wafers 
placed on the heated platen after 200 powder ALD VOx cycles. 
 

A dedicated temperature study was conducted on Si wafers using the developed powder recipe 

(with continuous Ar flow) to investigate the onset of CVD-like contributions in the depositions. 

The depositions were carried out over a range of Tg from 80 to 165 °C for 200 VOx ALD 

cycles, and ellipsometry thickness measurements (3.3.2) are plotted in Figure 4.14. It was 

observed that the VOx film thickness remained relatively constant within the error limits from 

80 to 135 °C, representing an ALD temperature window. Thereafter, the thickness was 

observed to increase rapidly with Tg, suggesting a rise in CVD-like contributions. VOx 

thickness in the ALD window was approximately 5.3 ± 0.5 nm, i.e. 7.3 nm (measured) ï 2 nm 

(native oxide), resulting in a GPC of ~0.26 Å/cycle, comparable to that obtained with the 

conventional flat-sample ALD recipe at 150 °C in 4.2.1. 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 compared to the conventional recipe, as the reactants were already noted 
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to exhibit soft saturation in 4.2.1.1. The ALD temperature window study confirmed that the 

depositions in 4.2.2.2 included CVD-like contributions, so the platen temperature was reduced 

to 120 °C. 
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Figure 4.15: Temperature evolution in the empty powder chamber when Tg, upper and lower 
chamber heaters were set to 120 °C, with a constant Ar flow of 40 sccm. 

 

The temperature stabilisation study with the empty powder adapter was repeated with the platen 

temperature of 120 °C, and the results are plotted in Figure 4.15. The plot followed the same 

convective heating profile as discussed in 4.2.2.1 (i), due to the continuous flow of Ar gas. The 

temperature reached 113 °C in 60 min, which was within the ALD window. Therefore, an hour 

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

temperature. 

(iii)  Investigating Powder Outgassing and its Mitigation Strategies 

Approximately 300 mg of the annealed Al2O3 powder (annealed at 700 °C for 1 hour in air) 

was loaded into the powder adapter, and its temperature was stabilised (Tg=120 °C) in the 

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

H2O dose, to investigate solely active moisture outgassing from the powder under vacuum 
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conditions and to rule out insufficient purging or moisture reset in the powder as causes of non-

ALD contributions. Each cycle of this experiment consisted of 10 500-ms VTIP doses 

separated by 2 s, and 30 alternating high (400 sccm) and low (100 sccm) flow Ar purges of 10 

and 15 s, respectively. The Optix gas sensor was employed to detect the OH species during the 

experiment (3.3.1). It is known from 4.2.2.1 (iii) that VTIP introduction into the reactor resulted 

in the detection of OH species. Therefore, in the current experiment, the same amount of OH 

detection was expected due to VTIP doses in 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 RP-OES gas sensor output for OH during VTIP cycles after the initial degassing is plotted 

in Figure 4.16. 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 high-surface-area powder surface. 

This was in line with the expectation. Subsequently, OH detection was observed to increase 

during high Ar flow rate, suggesting an increased transport of OH species. The average OH 

signal was observed to decrease exponentially with the number of VTIP cycles (represented by 

the red colour guide to the eye in Figure 4.16). This was indicative of outgassing from the Al2O3 

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

resulting in parasitic CVD during deposition in 4.2.2.2. 
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Figure 4.16: RP-OES detection of overall chamber pressure and partial pressures of OH and Ar during 
7 VTIP cycles with 300 mg of Al2O3 in the powder adapter after initial degassing and temperature 
stabilisation with Tg = 120 °C. 

 

It was critical to suppress outgassing from the powder to enable atomic-scale, precise 

deposition on particles. Two complementary strategies were implemented to combat 

outgassing. First, degassing cycles were introduced after 30 min of constant Ar flow during the 

pre-deposition degassing and temperature stabilisation step. Each degassing cycle consisted of 

high (100 sccm) and low (50 sccm) Ar flows for 5 and 10 s, respectively, as Ar clearly 

facilitated the transport of residual OH species from the powder to the exhaust. Following this, 

doses of trimethyl aluminium (TMA) were introduced into the reactor to act as a chemical 

getter, as TMA is reported to be highly reactive towards hydroxyl groups and result in self-

terminating reactions.57 It was hypothesised that TMA would react with the outgassing OH 
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species and deposit an Al2O3 passive layer on the powder particles, proactively suppressing 

subsequent outgassing from it.58 

However, it was necessary to identify the number of TMA doses required for complete 

passivation. Initially, 200 30-ms TMA pre-doses were administered before 50 cycles of the 

same experiment as above on annealed Al2O3 powder. 10 alternating High (400 sccm) and low 

(100 sccm) 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 2000 TMA doses. Visual 

inspection was conducted to observe the colour change of the Al2O3, and deposition thickness 

was monitored on witness Si wafers using ellipsometry. 

The powder was observed to develop a yellow colour with 200 TMA pre-doses, 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, and 1.2 nm was measured on the 

witness Si wafers for experiments with 500, 1000, and 2000 TMA pre-doses, respectively. 

Hence, 1000 TMA pre-doses were considered sufficient to passivate Al 2O3. An optimised 

powder ALD process, including degassing and TMA pre-dosing cycles before the ALD cycle 

of the target material (VOx in this case), was formulated and is detailed in 3.2.4.2 (ii).  

(iv) Inadequate Fluidisation Causes Non-Uniformity 

The optimised powder ALD recipe from 3.2.4.2 (ii) was used to deposit 100 VOx cycles on pre-

annealed Al2O3 powder in the following experiment. Visual inspection after deposition 

revealed predominantly yellow colouration, with isolated dark particulates scattered across the 

sample (Figure 4.17 (a)). The yellow colour was characteristic of V2O5, while the dark colour 

represented deposition of lower oxidation states of VOx, such as VO or VO2.
59-61,53 A uniform 

colouration was expected if all particles were equally exposed 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 in 3.3.6. In the LEIS spectrum, a pronounced V surface peak at 2160 eV and a weak 

Al surface peak at 1650 eV were observed (Figure 4.17 (b)). The presence of a low-energy V 

shoulder suggested that the probed sample had particles with a thick VOx coating. However, 

the detection of the Al surface peak indicated that the probed sample had uncoated Al2O3 

surfaces even after 100 VOx cycles. It was hypothesised that inadequate fluidisation results in 

non-uniform exposure of all powder particles, likely due to static microenvironments in the 

powder chambers. 
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Figure 4.17: (a) Optical photograph and (b) LEIS analysis of VOx/Al2O3 sample prepared using 100 
cycles of the optimised powder ALD recipe from 3.2.4.1. 
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To improve fluidisation, the 25 ɛm pore size filter frits were swapped with 60 ɛm ones to 

increase gas flow through the powder adapter (3.2.1.1). 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 25 ɛm. With this mismatched filter frit pore sizes, the gases entered the 

powder chambers at a higher flow rate but escaped relatively slowly, effectively fluidising the 

powder bed. The optimised powder recipe was repeated for 100 VOx ALD cycles after this 

geometric variation, and a dramatically uniform colour change in the sample was observed (as 

shown in Figure 4.18 (a)). 

Subsequently, depositions were also conducted for 10 and 30 VOx ALD cycles. LEIS analysis 

was employed to characterise the VOx coverage as a function of the number of ALD cycles 

(analytical details in 3.3.6). Firstly, in the LEIS spectrum of the 100-cycle sample 

(Figure 4.18 (b)), the V surface peak at 2160 eV had a maximum intensity of approximately 

6 Counts/nC, which was lower than that obtained before (~8 Counts/nC) with the same pore 

size upper and lower filter frits (Figure 4.17 (b)). The corresponding low-energy shoulders 

suggested that a thinner VOx deposition was obtained after the geometric modification. 

Furthermore, the spectrum exhibited a low-energy Al shoulder with no visible Al surface peak 

at 1640 eV, suggesting complete coverage of the Al2O3 surface. This implied that the geometric 

modification of the powder adapter resulted in more uniform gas exposure of particles and 

hence a more uniform thickness deposition. Compared to samples prepared with 10 and 30 

ALD cycles, the 100-cycle sample exhibited a higher low-energy shoulder, indicative of 

relatively thicker deposition, as expected from cycle-dependent depositions (Figure 4.18 (b)). 
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Figure 4.18: (a) Optical photograph of the sample with 100 VOx cycles and (b) LEIS analysis of the 
samples prepared by 10, 30, 100 VOx cycles, using the optimised powder ALD recipe on 300 mg of 
annealed Al2O3 powder, which was fluidised in pulses between filter frits of mismatched pore sizes.  
 

The least intense V surface peak at 2160 eV (~2.8 Counts/nC) was observed in the LEIS 

spectrum of the 10-cycle sample (Figure 4.18 (b)). The most prominent Al surface peak among 

the three samples was also observed for the 10-cycle sample. This indicated that the Al2O3 

surface was not completely coated after 10 VOx cycles. The intensity of the V surface peak 

increased by approximately 0.6 Counts/nC in the 30-cycle sample, indicating a higher V 

surface abundance than in the 10-cycle sample. However, the low-energy V shoulders in the 
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LEIS spectra of the 10 and 30-cycle samples were comparable, suggesting comparable 

deposition thicknesses. Furthermore, the Al surface peak in the 30-cycle sample was 

attenuated, implying an increased coverage of the Al2O3 surface by VOx. The observation 

suggested that VOx deposition progresses from a nucleation regime to a conformal film as the 

number of VOx cycles is increased.62,6 Overall, the LEIS results validated the effectiveness of 

using mismatched filter frit pore sizes and confirmed that the optimised powder ALD recipe 

fetches controlled, cycle-dependent, uniform VOx depositions on Al2O3. 

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, especially concerning the challenges 

of degassing and fluidisation. In the previous subsection, an ALD process incorporating 

mitigation strategies to address these challenges was optimised for the Al2O3 powder. To assess 

the transferability and applicability of the mitigation strategies and the effectiveness of the 

developed process, an alternative powder system was used. Non-porous SiO2 powder (99.9%, 

Alfa Aesar), having relatively homogenous spherical particles (0.5 ɛm) with smooth surfaces 

compared to Al2O3, a surface area (13 m2/g) less than an order of magnitude than that of Al2O3 

(200 m2/g) and with a high tendency of agglomeration as opposed to free flowing Al2O3, was 

chosen for a strong validation test of the strategies (3.2.3.2 (ii)). 

(i) Determining the Number of TMA Pre-doses 

As SiO2 had a lower surface area (13 m2/g) and a non-porous nature as opposed to porous Al2O3 

(200m2/g), as characterised in 3.2.3.2 (ii), it was presumed that SiO2 would be easier to degas 

and may not require any TMA pre-doses. However, the RP-OES gas sensor was unavailable 

during these tests (reason explained in 3.3.1); therefore, alternative experiments were designed 

to check the hypothesis. Firstly, 300 mg of pristine SiO2 powder was subjected to 50 VTIP 
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cycles (no oxidants) after 150 degassing cycles and temperature stabilisation at 120 °C. Each 

VTIP cycle consisted of 10 500-ms VTIP doses, separated by 2 s and 30 Ar purges of 

alternating high (400 sccm for 10 s) and low (100 sccm for 15 s) flow rates. A 0.9 nm 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 SiO2 powder also developed a light-yellow 

colour after the experiment (as in the upper half of Figure 4.19 (a)), indicating V2O5 

deposition.59-61 This suggested that SiO2 outgassed H2O during the process, disproving the 

hypothesis. 

          

242

1455.9

Vanadium (V) Aluminium (Al)
0

500

1000

1500

2000

C
o

n
c
e

n
tr

a
ti
o

n
 (

m
g

/k
g

)

Elements
 

Figure 4.19: (a) Optical images of SiO2 powder after 50 VTIP cycles without TMA doses (upper half) 
and with 200 TMA pre-doses (lower half), (b) ICP-OES measured elemental concentrations of V and Al 
in the sample prepared with 50 VTIP cycles after 200 TMA pre-doses. 
 

Therefore, an experiment was designed to evaluate the effectiveness of the TMA pre-dosing 

strategy in mitigating outgassing from the SiO2 powder. A total of 200 30-ms TMA pre-doses 

were incorporated before executing the 50-VTIP 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 contrary, the powder was observed to remain white and not develop 

any colour after the experiment, as shown in the lower half of Figure 4.19 (a). This sample was 

also analysed by inductively coupled plasma-optical emission spectroscopy (ICP-OES) to 

        (a)                (b) 
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quantify the depositions on SiO2. The sample preparation for ICP-OES and the technique 

details are explained in 3.3.7. From the ICP-OES results presented in Figure 4.19 (b), the 

incorporation of 1456 ± 200 mg/kg of Al suggested the deposition of a passive Al2O3 layer 

during TMA pre-doses. However, the incorporation of V (242 ± 200 mg/kg) was minimal even 

after 50 VTIP cycles, confirming the effectiveness and transferability of the TMA pre-dosing 

strategy. 

(ii) Optimising Fluidisation 

 

Figure 4.20: Top filter frit images showing the side exposed to powder during 50 VOx ALD cycles using 
the highest Ar flows of (a) 400 sccm and (b) 200 sccm in the optimised ALD recipe. 
 

The optimised VOx powder ALD recipe with the tuned number of TMA pre-doses was applied 

to SiO2 powder for 50 cycles (3.2.4.2 (ii)). After the experiment, the powder was observed to 

cake at the adapterôs gas exit, i.e. under the upper filter frits, in shades varying from white to 

grey (Figure 4.20 (a)). The caking was attributed to higher-than-required gas flow in the recipe, 

coupled with SiO2ôs natural tendency to agglomerate. To mitigate this, the highest Ar flow rate 

in the recipe was reduced from 400 to 200 sccm, and the experiment was repeated. Following 

this, no caking was observed on the filters (Figure 4.20 (b)), and a uniform grey colouration of 

the SiO2 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. 

  

       (a)                                  (b) 
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(iii) SiO2 Agglomeration Challenge 

 

Figure 4.21: SEM images of (a) SiO2 agglomerate and (b) development of fractures in the 
agglomerate during electron beam exposure. 
 

It was observed that the SiO2 particles had a natural tendency to agglomerate into aggregates 

ranging from 10 to 600 ɛm. From these, the ones larger than 100 ɛm, were mostly observed to 

be soft agglomerates under SEM imaging (Figure 4.21). These soft agglomerates may fracture 

during the ALD process or during post-deposition handling,63 resulting in non-uniformities in 

the samples, as ALD deposits only on the exposed surfaces. To mitigate this, the powder was 

first subjected to 50 TMA pre-doses, which passivated the surfaces of both the naturally formed 

agglomerates and any loose SiO2 particles with an Al2O3 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 groups.64 Then, the powder was 

sieved through a 105 ɛm pore size filter (mesh 150), as it was closest to the minimum observed 

size of soft agglomerates. The soft agglomerates of sizes larger than 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 VOx on SiO2: A Systematic Study 

The optimised ALD process (3.2.4.2 (ii)) was applied to SiO2 after incorporating the pre-

deposition sieving step for a systematic VOx deposition using ALD cycles ranging from 1 to 75. 

 (a)               (b) 
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Visually, a progressive darkening of the grey colouration of the VOx-coated SiO2 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 hours (Figure 4.22), indicating oxidation of as-deposited VOx to 

V2O5.
59 This phenomenon was hypothesised to be thermodynamically driven and facilitated by 

the residual oxygen in the sealed vial. Subsequently, LEIS and ICP-OES analyses were 

employed to assess the deposition uniformity and growth behaviour on the SiO2 powder. 

 

Figure 4.22: Optical image of the series of VOx/SiO2 samples prepared with 1, 5, 20, 50 and 75 ALD 
cycles at 120 °C. 
 

(i) Low-Energy Ion Scattering (LEIS) Analysis 

An additional sample was also prepared using 10 ALD cycles, and LEIS (3.3.6) was used to 

analyse the surface composition of all six SiO2 samples (prepared using 1, 5, 10, 20, 50, 75 

VOx cycles). Three peaks were observed in the LEIS spectrum of all the samples (Figure 4.23), 

out of which the peaks at 1116 and 2160 eV corresponded to oxygen (O) and vanadium (V), 

respectively. However, the third peak at 1664 eV was due to the combined signals of 

aluminium (Al) and silicon (Si) from the sample, as their individual peak positions are at 

1650 and 1690 eV, respectively, which are challenging to resolve in LEIS.65 The intensities of 

the V and O peaks were observed to increase with the number of ALD cycles, 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 VOx cycles. 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, its low-

energy shoulder was also observed to increase with the number of VOx cycles, indicating a 

progressive increase in thickness with cycles (Figure 4.23).66,67 This observation confirmed that 

the optimised powder ALD process yielded cycle-dependent VOx deposition, as expected. 
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Figure 4.23: LEIS spectra of SiO2 samples prepared using 1, 5, 10, 20, 50, 75 VOx ALD cycles.  
 

The surface abundances of Al/Si and V in the samples were semi-quantified using the areas 

under their respective surface peaks in the LEIS spectra (Figure 4.23), and the results are plotted 

in Figure 4.24. 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 VOx cycles, 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 and c in Figure 4.24. On the other hand, the V 

surface abundance was observed to increase slightly during the first 5 VOx cycles, then jump 

at 10 cycles, followed by a linear increase thereafter, indicated by 1, 2 and 3 in Figure 4.24. The 

collective Al/Si and V trends suggested that VOx was in the nucleation regime during the initial 

10 cycles, and a steady layer-by-layer VOx growth was established thereafter. 
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Figure 4.24: Area under the surface peaks of Al/Si and V from the LEIS spectra are plotted as a 
function of the number of VOx ALD cycles. 
 

A depth profile study was conducted to quantify the increase in thickness with the number of 

ALD cycles. Samples with 20 and 75 VOx cycles were sputtered with a 1 keV Ar+ beam, and 

LEIS spectra were acquired regularly after every 1 × 1014 ions/cm2 of sputter dose. The area 

under the surface peaks V were recorded and plotted in Figure 4.25. 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 both 20 and 75-cycle samples was observed to 

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

sputter-tail regime, i.e., a regime where sputtering results in minimal or no change in a speciesô 
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surface abundance. A sputter dose of 1.52 × 1015 ions/cm2 was used to sputter away 50% of V 

atoms from the surface of the 20-cycle sample. In contrast, a sputter dose of 

6.36 × 1015 ions/cm2 was used for that in the 75-cycle 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 and 75-cycle samples after sputter doses of 

approximately 10 × 1015 and 40 × 1015 ions/cm2, respectively. As this data was acquired after 

regular sputtering intervals, implying layer-by-layer removal of VOx, the deposition thickness 

in the 20-cycle sample was concluded to be approximately one-quarter of that in the 75-cycle 

sample. This was consistent with the expected cycle-dependent ALD growth. 
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Figure 4.25: The surface abundance of V as a function of sputter doses of 1 keV Ar+ beam in samples 
prepared using (a) 20 and (b) 75 ALD cycles on TMA-treated SiO2 powder. 
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(ii)  Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) Analysis 
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Figure 4.26: ICP-OES 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 

VOx cycles (analytical details in 3.3.7). A consistent amount of Al, 1440 ± 200 mg/kg, was 

detected in all samples, validating near-identical Al2O3 deposition during pre-TMA 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 VOx varied across the investigated cycle range (indicated by 1, 2 and 3 in 

Figure 4.26). The amount of V incorporation was lower for the first 5 VOx cycles, followed by 

a jump at 10 cycles and a steady incorporation of 54.6 mg/kg per ALD cycle until 75 VOx 

cycles. This pattern was in close agreement with the V surface abundance observed in LEIS 

analysis (Figure 4.24), suggesting deposition of homogeneous VOx coatings on TMA-treated 
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SiO2. The ICP-OES results also supported the claim that the VOx ALD process exhibited 

delayed growth, with a nucleation regime lasting up to 10 ALD cycles. 

V incorporation of 223 ± 200 mg/kg was observed for the sample prepared with 1 VOx ALD 

cycle. This was comparable to the amount of V detected in 4.2.2.4 (i), 242 ± 200 mg/kg. In 

4.2.2.4 (i), SiO2 powder was subjected to 50 VTIP cycles after 200 TMA pre-doses, and a single 

VOx cycle deposition was expected under self-limiting conditions. The comparable results 

validated the effectiveness of using TMA as a getter and confirmed the self-limiting nature of 

the process. 

4.2.2.6 Annealing Study 

The 20 and 75-cycle samples were annealed at 600 °C for 2 hours in air in a tube furnace, and 

the effects on the crystallinity and morphology of VOx deposition were analysed using XRD 

and SEM. These annealing conditions resulted in the formation of V2O5 nanorods from 

amorphous VOx films on higher-loaded (1000 ALD cycles) flat samples in 4.2.1.2. Hence, the 

present study examined whether the same thermal treatment would also induce crystallisation 

or morphological evolution in substantially lower-loaded VOx films on powder substrates.  

(i) X-ray diffraction (XRD) 

XRD was used to analyse bare SiO2 and annealed 20 and 75-cycle samples (Figure 4.27). The 

analysis was conducted as described in 3.3.3. According to the results obtained in 4.2.1.2 (i), the 

formation of V2O5 was expected on annealing. Multiple diffraction peaks corresponding to 

V2O5 were observed in the 75-cycle sample.59 However, no diffraction peaks were observed in 

the 20-cycle sample, suggesting that it lacked long-range order. This observation can be 

attributed to relatively thin VOx deposition in the 20-cycle sample compared to the 75-cycle 

sample. For the 75-cycle sample, the most prominent peak at 26.1° (2ɗ) corresponded to 

V2O5 (110).59 A crystallite size of 93 nm was calculated using the Debye-Scherrer formula for 

the (110) peak (3.3.3). 
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Figure 4.27:  XRD patterns of bare SiO2 and 20 and 75-cycle samples annealed at 600 °C for 2 hours in 
air. 
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(ii) Scanning Electron Microscopy (SEM) 

The as-grown (AG) and annealed 20 and 75-cycle samples were analysed with SEM, as 

explained in 3.3.4 (Figure 4.28). No change in the morphology of SiO2 was observed in the AG 

samples as compared to that of bare SiO2 (3.2.3.2 (ii)). According to the results obtained in 

4.2.1.2 (ii), V2O5 rods were expected after annealing. However, instead of rods, nanoneedles 

with widths ~95 nm and lengths ~1.5 ɛm were observed locally in the annealed 75-cycle 

sample. This was in correlation with the XRD results. It could be due to different amounts of 

VOx deposited in both experiments. The localised presence of these nanoneedles can be 

attributed to nucleation zones in the sample, as were seen in 4.2.1.2 (ii). In contrast, for the 20-

cycle sample, circular features were observed on the surface of SiO2 particles after annealing 

(indicated with arrows in Figure 4.28). These features appeared as aggregates of VOx, likely due 

to a relatively smaller amount of deposition in this sample compared to the 75-cycle sample. 

The features exhibited sub-nanometer thickness, consistent with the XRD results. 

 

Figure 4.28: Scanning electron micrographs of as-grown and annealed 20 and 75-cycle 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 (VOx) using VTIP and H2O. Initially, the process was 

established on Si wafers, which provided a critical reference for subsequent process 

development on powder substrates. Analyses confirmed the self-limiting growth of smooth, 

amorphous VOx films on Si wafers at 150 °C, with a GPC of ~0.25 Å, which crystallise into 

V2O5 rods upon annealing above 400 °C. The process was transferred to powders by 

incorporating a powder adapter into the reactor, effectively modifying the overall chamber 

geometry. The powder ALD process development was carried out on Al2O3 powder, as a model 

substrate. An in-situ RP-OES 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, non-ideal depositions were observed during the initial 

attempts, which manifested interconnected powder ALD challenges. Carefully designed 

experiments confirmed backstreaming from the pump and moisture outgassing from the 

powder under the deposition conditions as significant causes of parasitic CVD-like growths in 

powders, resulting in the loss of atomic-scale precision in powder ALD. A shift in the ALD 

window was also identified with the powder adapter reactor configuration, resulting in CVD-

like reactions at the operating temperature of 150 °C. Inadequate fluidisation was recognised 

to cause non-uniform deposition across the powder bed.  

Mitigation strategies were developed to address the causes of non-ideal ALD in powders. 

Firstly, Ar gas was used to maintain unidirectional flow and suppress backflow from the pump 

during deposition on powders. Next, the ALD temperature window for the powder ALD reactor 

configuration was verified, and depositions were conducted within it. Crucially, a novel 

chemical gettering step using TMA pre-doses 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 Al2O3 layer on the powder particles, preventing subsequent moisture outgassing 

under vacuum conditions. The passivating layer also prevented moisture from getting trapped 

in the high-surface-area powder during H2O dosing, enabling self-limiting growth of the target 

material (VOx in this case). Finally, an adequate fluidisation condition was achieved by creating 

a pressure differential along the powder chambers using mismatched pore-size filter frits at the 

gas entrance and exit. Hence, only the purge gas flow-rate adjustment is required to achieve 

adequate fluidisation in different powder systems. LEIS analysis confirmed the effectiveness 

of the strategies and validated the cycle-dependent deposition of VOx on the Al2O3 powder. 

The optimised protocol was applied to SiO2 powder, a different powder system, to validate the 

process robustness. Despite its lower surface area, outgassing was also confirmed for SiO2 

powder, reinforcing the necessity of the chemical getter. The number of TMA doses was 

optimised for SiO2, and minor adjustments were made to the flow rate before preparing a series 

of samples for a systematic study. Detailed analysis using LEIS and ICP-OES confirmed that 

the process exhibited delayed growth until 10 VOx ALD cycles. Subsequently, a linear, self-

limiting, cycle-dependent growth was achieved on SiO2 powder. 

Annealing studies using XRD and SEM-EDX suggested that the growth conditions yielded 

uniform amorphous VOx films. The film crystallises into a mixed V2O5 and VO2 phase, with 

V2O5 being dominant, when annealed in air at temperatures above 400 °C. The 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 of the deposited film. 

In summary, this work has successfully investigated the challenges of powder ALD and 

developed an easily transferable protocol for achieving atomic-scale, precise depositions for 

different powder systems. This chapter provides a solid foundation for the precision 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  



186 
 

5.1 Introduction 

Over the past decade, Ojeda, Zhang, and Rosseinskyôs research groups have individually 

developed catalysts to produce maleic anhydride (MA), a platform chemical, from bio-based, 

sustainable sources.1-3 Mahmoud et al. proposed a Diels-Alder cycloaddition and dehydration 

of MA and furan using acid resin catalysts for the green production of phthalic anhydride (PA).4 

Dengôs group also reported green production of PA with 99 mol% yield from bio-based furan 

and MA.5 PA is a highly versatile organic compound for large-scale industrial applications. 

The most significant application is the production of plasticisers, which are added to plastics, 

such as PVC, to enhance their flexibility and durability.6 PA is also used in the production of 

unsaturated polyester resins (UPRs) and alkyd resins, which are used in fibreglass-reinforced 

plastics, coatings and paints in the automotive, industrial, and architectural sectors.7 Moreover, 

PA is used in manufacturing dyes and pigments for the textile industry.6 The industrial-scale 

production of PA began in the 1900s from naphthalene and in the 1950s from o-xylene, both 

using vanadium pentoxide (V2O5) catalyst for the oxidation reaction.8 But the traditional 

petroleum-based synthesis methods of PA have raised serious environmental and sustainability 

concerns,9,10;i  driving research in developing renewable PA synthesising routes. Jia et al. 

demonstrated one-pot production of PA from bio-derived 5-hydroxymethylfurfural (HMF) 

using MoO3/Cu(NO3)2 catalyst.11 However, its industrial application is limited by the use of 

K2S2O8 as the sacrificial agent in the process and the lab-scale synthesis of HMF.11,12 Thus, the 

multi-step Diels-Alder cycloaddition and dehydration of MA and furan seemed a promising 

route for industrial-scale green production of PA.4 

 
i IPCC. Climate change 2022: impacts, adaptation and vulnerability. Working group II 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  

https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_FullReport.pdf
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Alonso-Fagúndez et al. demonstrated the production of maleic anhydride (MA) and furan from 

bio-derived furfural (FUR) using a VOx/Al 2O3 catalyst, which can in turn be used for the 

production of PA.1 In the meantime, Zhangôs group also researched the green production of 

MA from bio-derived FUR using various heterogeneous catalytic systems and reported 100% 

conversion and a maximum yield of 62% over a binary metal oxide catalyst, Mo4VO14.
2 

Following that, Rosseinskyôs group investigated the selective oxidation of FUR to MA by 

synthesising supported MoO3-V2O5/Al2O3 catalysts using various wet-chemistry and solid-

state mechanochemical methods.3 They achieved a maximum conversion of 95% of FUR and 

41% yield of MA after optimising the reaction parameters and loadings of V2O5 and MoO3 on 

Al 2O3.
3 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.3 

The cause of leaching wasnôt investigated in their study.3 Nevertheless, the insights from their 

systematic characterisation and testing suggested that the ternary oxide AlVMoO7 is required 

to support the activity; however, further investigation is needed to determine the local structure 

of the ideal site for MA production.3 

 

Figure 5.1: Schematic of mixed metal oxide nucleation cluster.ii 

 

 
ii Perplexity AI. Perplexity [Digital art]. San Francisco: Perplexity AI; 2026 [cited 2026 May 20]. Generated using 
ǘƘŜ ǇǊƻƳǇǘΥ άMake a schematic of mixed metal oxide nucleation clusterέΦ  
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In this chapter, the powder ALD protocol developed in Chapter 4 was used to synthesise mixed 

metal oxide (Mo-V-Al oxide) catalysts with atomic-scale precision. ALDôs sequential nature 

was leveraged to achieve the Mo-V-Al oxide mixed phases and to tailor the catalystôs surface 

sites. Molybdenum(VI)bis(tert-butylimido)-bis(dimethylamido), Mo(t-BuN)2(NMe2)2, was 

chosen as the molybdenum precursor, as its reported ALD-temperature window of 50-200 °C 

(with O2-plasma)13,14 included 120 °C, at which the powder ALD process for VOx was 

optimised. Both VOx and MoOx depositions in Mo-V-Al oxide catalysts were conducted in the 

nucleation regime to create highly active sites,15 as elaborated in Figure 5.1, which was 

generated using Perplexity AI. The ALD-prepared catalysts were evaluated for their catalytic 

performance in the selective oxidation of FUR to MA using the reaction conditions optimised 

by Rosseinskyôs group. The effect of bulk and surface composition on activity and selectivity 

was also evaluated in this chapter.  
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5.2 Results  

5.2.1 Challenges in Plasma-Enhanced ALD (PEALD) Process 

It was practically more viable to use the same oxidant during the ALD of Mo-V-Al oxide. 

Therefore, H2O doses in the VOx powder ALD recipe optimised on the SiO2 powder were 

swapped with a 20-s O2-plasma dose, resulting in a plasma-enhanced powder ALD (PEALD) 

recipe (see section 3.2.4.2 (ii) for recipe details). For testing this recipe, an experiment was 

conducted using 50 VOx cycles at 120 °C, with 300 mg of SiO2 in the powder adapter. The 

VOx deposition was readily confirmed as the powder developed a grey colour after the 

experiment. However, it was observed that the SiO2 powder 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 bed (Figure 5.2). Caking prevented the uniform exposure 

of all particles to the precursors, resulting in uncoated chunks of powder. The extent of caking 

and, hence, the proportion of non-uniformity in deposition, detected visually based on the 

varying tints of the powder, was observed to increase with the number of ALD cycles. 

Approximately <10% caking was observed after 20 PEALD cycles, and that of 30-35% was 

observed after 50 cycles. It was critical to mitigate the caking problem and to determine the 

acceptable percentage of non-uniformity for the realisation of a reliable and reproducible 

powder ALD process. 
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Figure 5.2: Images of the powder chamber with SiO2 after completion of 50 VOx PEALD cycles at 120 °C 
(a) powder chamber just opened (top filter frit removed), (b) free-flowing powder decanted. 
 

The caking was attributed to electrostatic charging of the dielectric SiO2 powder 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 reactor was 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, visually resulting in more than 90% of the powder 

exhibiting a uniform grey tint, as shown in Figure 5.3 (a). It was understood that the moisture 

content in the air helped dissipate the charge, a conclusion supported by comparable findings 

in the literature.16,17;iii  

 
iii Allen RC. Humidity and ESD control [Internet]. Marlboro (MA): ESD Systems, Desco Industries Inc.; 1998. 
[cited 2025 Nov 23]. Available from: http://esdsystems.descoindustries.com/whitepapers/wp_humidity.html  
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Figure 5.3: Images of the powder chamber with SiO2 (top filter frit removed) after completion of 
(a) 50 VOx PEALD cycles with periodic venting of the chamber every 10 cycles, and (b) 60 VOx PEALD 
cycles with periodic introduction of a 30-ms H2O dose every 20 cycles. 
  

Thus, a 10% non-uniformity 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) were deemed reliable. However, to achieve the benchmark for deposition processes 

involving more than 20 cycles and to avoid repeatedly breaking the vacuum, a controlled H2O 

dose of 30 milliseconds was introduced into the reactor at the end of every 20 cycles, followed 

by a 4-minute purge, as detailed in 3.2.4.2 (ii). This approach successfully mitigated static 

charge build-up and caking, resulting in reproducible and uniform depositions, as shown in 

Figure 5.3 (b). This strategy of introducing an H2O dose was incorporated in the PE powder 

ALD process to achieve controlled depositions and synthesise next-generation catalysts in the 

remaining chapter.  
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5.2.2 Individual Growth Study for PEALD of VOx and MoOx 

To test the PE powder ALD process for VOx and MoOx, depositions were carried out at 120 °C 

by varying the number of cycles from 10 to 80 and 7 to 150, respectively. The experiments 

were conducted with approximately 300 mg of SiO2 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 VOx and MoOx in the experiments without direct analysis of the 

powder. ICP-OES and LEIS were used to analyse V and Mo elemental concentrations and 

surface coverage in the SiO2 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 Mo-V-Al oxide catalysts, which would require 

frequently alternating metal oxide cycles, i.e. very few cycles of VOx or 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 placed in the cavity between 

the powder chambers and on the platen, i.e., before and after the powder bed (at positions 1 

and 2, respectively, in Figure 5.4). The ellipsometry thickness measurements were conducted 

for these placements, as explained in 3.3.2, for both VOx and MoOx, and are plotted in 

Figure 5.4 (a) and (b), respectively. 
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Figure 5.4: Schematic of the reactor chamber with powder adapter and plasma generator showing 
placement of Si wafers (1 and 2) in the experiment. 
 

For both VOx and MoOx, 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 VOx, the growth per cycle (GPC) before the powder bed was observed to vary 

over the range of inspected cycles (Figure 5.5 (a)). For the initial 20 PEALD cycles, the GPC 

was ~1.3 Å/cycle and then increased to 4.5 Å/cycle as the number of cycles increased from 20 

to 80. Musschoot et al. have reported similar GPC values for the same set of precursors at 

deposition temperatures of ~250 and 300 °C, respectively, which were outside the 50 to 200 °C 

ALD window for the O2-plasma process.20 The GPC after the powder bed was ~0.2 Å/cycle, 

which was lower than the reported value of 0.5 Å/cycle at 120 °C.20 For MoOx, steady growth 

was observed on both before and after-placed wafers as the number of PEALD cycles was 

varied from 7 to 150 (Figure 5.5 (b)). GPCs of 2 Å/cycle and 0.15 Å/cycle were observed on the 

respective sets of wafers. The GPC for the before-wafers matched that reported in the literature 

for growth temperatures higher than 250 °C, whereas the after-wafer GPC was lower than any 

reported values.14,19-21 

 














































































































































