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ABSTRACT  

This body of work investigates titanium dioxide model catalysts with an increasing 

complexity of design, using scanning probe microscopy to gain fundamental insight into 

surfaces relevant to clean energy applications.  

The simplest surface studied here constitutes an anatase TiO2(101) single crystal, which has 

been observed both at room temperature and at 78 K. Specifics of subsurface defect sites, 

and how gold single atoms interact with these sites, were determined. The subsurface sites 

prove significant in determining the position of the atoms, and scanning tunnelling 

spectroscopy is used to uncover an electronic state that forms in the band gap of the titania 

upon the deposition of gold atoms.  

The absorption, kinetics and photooxidation of benzoic acid is investigated on the rutile 

TiO2(110) surface at room temperature, as a model dye molecule. The added complexity of 

an ordered benzoate monolayer on the surface allows the importance of intermolecular 

forces and surface functional groups to be understood as a influencing factor behind 

reaction mechanisms and photodynamics. A surprising level of photoactivity is seen across 

a wide range of photon energies, and this is attributed to benzoate-induced electronic states 

that align with the titania band gap.  

The most complex system studied in this thesis introduces gold nanoparticles as an 

additional probe molecule to the benzoate / rutile TiO2(110) surface. This serves to shed 

further light on the integral role of surface hydroxyl groups in determining the photoreaction 

pathway for the benzoate molecules. Unique anisotropic effects in the photodynamics of the 

surface are observed in the presence of gold, and this is considered in the context of the 

previous findings.  
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IMPACT STATEMENT  

 

As outlined in the abstract for this thesis, the model catalyst systems studied in this work use 

materials relevant for clean energy research.  

The most direct applications are in the hydrogen production industry; titanium dioxide is 

used as a support in the photocatalytic splitting of water, whilst gold nanoparticles are 

employed as catalysts for reduction-oxidation mechanisms such as the water-gas shift 

reaction. Both of these reactions offer a way to produce green hydrogen from renewable 

resources, and hydrogen is increasingly viewed as an energy vector that will help deliver 

decarbonisation pathways for many countries. For example, the UK Government has 

recently committed to driving the growth of low carbon hydrogen production technologies as 

part of its ‘Ten point plan for a green industrial revolution’. This is one facet of the fight 

against man-made climate change, which is one of the most important challenges facing us 

today. 

More broadly, the fundamental insights gained through this work offer information useful for 

wider chemistry applications beneficial for the environment, such as the synthesis of 

polymers and complex organics using a green production route. The academic and industrial 

relevance of this work is clear through both fundamental understandings gained and applied 

learnings of the materials used. This is exemplified by the fact that my doctoral studies have 

been sponsored by SABIC, one of the largest chemical manufacturing companies in the 

world, and will feed into green chemical research conducted at their facilities.  

The investigations discussed in this manuscript provide a foundation for future research 

scholarships and studies both within the Thornton and SABIC research groups and beyond.  

I would be remiss in making a statement on the impact of my work without discussing public 

engagement. The dire importance of researchers actively engaging with the public on 

important issues such as climate change or public health has become increasingly obvious 
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through recent political climates. During the development of a global pandemic situation, 

caused by the novel coronavirus SARS-CoV-2, known commonly as Covid-19, it has been 

made absolutely clear that successful scientific communication is key to accurately and 

impactfully influencing policy decisions.  

It is our duty as researchers to disseminate the work that we do, and the results that we 

gain, as widely and as clearly as possible. It is integral to account for non-scientists’ lack of 

exposure to research, and to communicate the uncertainty contained within our data so that 

this data can be made useful. To this effect, I was the President of a non-profit public 

outreach group called UCell for over a year during my studies. We engaged with 1000s of 

members of the public through science fairs, school visits and social events. I was able to 

bridge some of the gap between public knowledge and the insights gained through research, 

which can then be used to enact real, manifest change in our world. This gap can be bridged 

using the medium of any research, and I see this as one of the biggest impacts that any 

scientific research can have.
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LUMO  Lowest Unoccupied Molecular Orbital 
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NHE  Normal Hydrogen Electrode 

NIR  Near-Infrared 

ND  Neutral Density 

O2c 2-fold coordinated O ion, with the coordination referring to the number of 

bonds. 3-fold coordinated O ions, O3c, are also common in TiO2 

PES  Photoelectron Spectroscopy 

PVD  Physical Vapour Deposition 

QMS  Quadrupole Mass Spectrometry 

ML  Monolayer 

MS  Mass Spectrometer 

RGA  Residual Gas Analysis 

SPM  Scanning Probe Microscopy 

STM  Scanning Tunnelling Microscopy 

STS  Scanning Tunnelling Spectroscopy 

Ti5c 5-fold coordinated Ti ion, with the coordination referring to the number of 

bonds. 6-fold coordinated Ti ions, Ti6c, are also common in TiO2 

TSP  Titanium Sublimation Pump 

UHV  Ultra-High Vacuum 

UPS  Ultraviolet Photoelectron Spectroscopy 

UVA  Ultraviolet A 

VO  Surface oxygen vacancy 

VO,S  Subsurface oxygen vacancy 

VT  Variable Temperature 

WKB  Wentzel-Kramers-Brillouin 

XPS  X-ray.   Photoelectron Spectroscopy 
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FIGURE 3.22 CLEAN UHV MASS SPECTRUM TAKEN AT A PRESSURE OF 10
-10

 MBAR, DISPLAYING 

TYPICAL PEAKS AT M/Z = 1 (H), 12 (C), 14 (N), 16 (CH4), 18 (H2O), 28 (CO AND N2) AND 44 
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FIGURE 6.1: STM IMAGES OF THE CLEAN ANATASE (101) SURFACE TAKEN AT (A) ROOM 

TEMPERATURE USING THE VT-STM,  WITH ONE OF THE BRIGHTER ‘HILL’ FEATURES 

HIGHLIGHTED BY A WHITE CIRCLE, AND A STEP EDGE AT THE TOP OF THE FRAME DECORATED 

WITH ADSORBATES, INDICATED BY BLUE ARROWS (25 X 25 NM
2
, VS = +1.4 V, IT = 0.2 NA). (B) 

IS TAKEN AT 78 K USING THE LT-STM, WITH HILLS VISIBLE, A DARKER REGION LOCATED BY 

THE ARROW, AND A 4.5 X 4.5 NM
2
 INSET EMPHASISING THE (O2)O FEATURE (15 X 15 NM

2
, VS = 

+1.2 V, IT = 0.2 NA). BALL AND STICK MODELS OF THE SURFACE ARE SHOWN FROM (C) A 

PERSPECTIVE VIEW, AND (D) A PLAN VIEW WITH SUPERPOSED CIRCLES TO REPRESENT THE 

BRIGHT O2C-TI5C DIMER FEATURES RESOLVED BY STM. TI ATOMS ARE BLUE, AND O ATOMS 
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FIGURE 6.2: SCHEMATIC MODELLING HOW THE DONOR POTENTIAL AND LATTICE POTENTIAL, 

DISPLAYED SEPARATELY ON THE LEFT-HAND SIDE, COMBINE WHEN SUPERIMPOSED, TO 
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TUNNELLING CURRENT SIGNAL IS CHARTED IN THE BOTTOM RIGHT, TAKEN AS THE TIP 

TRAVERSES THE DOTTED BLUE ACROSS THE PROFILE OF THE SHALLOW DONOR LEVEL AT 

POSITIVE SAMPLE BIAS. DISPLAYS THE ELECTRON WAVEFUNCTION SPREAD OUT OVER 

MULTIPLE UNIT CELLS. ADAPTED FROM [33]. .................................................................... 69 

FIGURE 6.3: STM IMAGES OF VO,S SITES TAKEN AT 78 K (A) DEMONSTRATING THE VARIATION IN 

APPEARANCE OF VO,S FEATURES ACROSS THREE TERRACES, WHICH HAVE BEEN FLATTENED 
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2
, VS = 

+1.2 V, IT = 50 PA); (B) IS A HIGH-RESOLUTION IMAGE OF THE SITE HIGHLIGHTED BY THE 

WHITE SQUARE IN (A), SHOWING AN EMPTY STATES IMAGE OF ONE SITE (3.5 X 3.5 NM
2
 , VS = 

+0.8 V, IT = 20 PA). (C) SHOWS THE LINE PROFILES TAKEN OF THE LENGTH IN BLACK, ALONG 

THE ROWS IN THE [010] DIRECTION, AND OF THE WIDTH IN RED, ACROSS THE ROWS IN THE 

[101] DIRECTION OF (B), WHICH HIGHLIGHT THE ANISOTROPIC SHAPE MANY OF THESE SITES 

EXHIBIT. (D) SHOWS THE FILLED STATES IMAGE OF THE VO,S SITE SHOWN IN (B) (3.5 X 3.5 

NM
2
, VS = -2.8 V, IT = 5 PA). ........................................................................................... 71 

FIGURE 6.4: STM IMAGES TAKEN CONSECUTIVELY OF THE SAME 14 X 14 NM
2
 AREA OF THE (101) 

SURFACE AT 78 K (A) BEFORE (VS = +1.0 V, IT = 30 PA), (B) DURING (VS = +5.2 V, IT = 100 

PA), AND (C) AFTER (VS = +1.0 V, IT = 100 PA) A HIGH POSITIVE SAMPLE BIAS SCAN OF THE 
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SURFACE AT +5.2 V. THE HIGH BIAS CAUSES SPECIES TO APPEAR ON THE SURFACE, AND 

THEIR POSITIONS ARE MARKED BY GREEN ARROWS. ......................................................... 73 

FIGURE 6.5: STM IMAGES SHOWING THE SAME 14 X 16 NM
2
 AREA OF THE (101) SURFACE AT 78 K 

(A) BEFORE (VS = +1.0 V, IT = 30 PA), (B) DURING (VS = -3.0 V, IT = 30 PA), AND (C) AFTER 

(VS = +1.0 V, IT = 30 PA) A HIGH NEGATIVE SAMPLE BIAS SCAN OF THE SURFACE AT -3.0 V. 

THE HIGH BIAS CAUSES SPECIES TO APPEAR ON THE SURFACE, AND THEIR POSITIONS ARE 

MARKED BY GREEN ARROWS. THERE IS ALSO A SMALL CHANGE IN THE RESOLUTION OF THE 

TIP IN (C), MANIFESTING AS A HORIZONTAL LINE ACROSS THE IMAGE. ................................. 74 

FIGURE 6.6: (A) STM IMAGE SHOWING A VO,S SITE WITH AN OVERLAID GRADIENT MAP 

GRAPHICALLY DISPLAYING THE EXTENT OF THE DOS SIGNAL SEEN AT -2.2 EV, IN THE BAND 

GAP OF ANATASE (101) (5 X 5 NM
2
, 78 K, VS = +1.0 V, IT = 30 PA). (B) STS SPECTRA 

RELATING TO THE SAME COLOURED CROSSES IN (A), SHOWING THE MAXIMUM IN INTENSITY AT 

THE CENTRE OF THE SITE AND AN ATTENUATION TOWARDS THE EDGE OF THE SITES. THE LOW 

DOS OF THE CLEAN SURFACE IS CONTRASTED IN GREEN. ................................................ 75 

FIGURE 6.7: (A) STM IMAGE SHOWING A DARK REGION WITH AN OVERLAID GRADIENT MAP 

GRAPHICALLY DISPLAYING THE EXTENT OF THE DOS SIGNAL SEEN AT -2.6 EV, IN THE BAND 

GAP OF ANATASE (101) (5 X 5 NM
2
, 78 K, VS = +1.0 V, IT = 100 PA). (B) STS SPECTRA 

RELATING TO THE SAME COLOURED CROSSES IN (A), SHOWING THE MAXIMUM IN INTENSITY AT 

THE CENTRE OF THE SITE AND AN ATTENUATION TOWARDS THE EDGE OF THE SITES. THE LOW 

DOS OF THE CLEAN SURFACE IS CONTRASTED IN BLUE. ................................................... 76 

FIGURE 6.8: (A) EMPTY STATES STM IMAGE SHOWING THE TYPICAL GOLD COVERAGE USED IN 

ORDER TO ISOLATE SINGLE GOLD ATOMS ON THE ANATASE TIO2(101) SURFACE (5 X 5 NM
2
, 

78 K, VS = +1.5 V, IT = 5 PA). (B) DIFFERENT PROFILES OF GOLD MONOMER (GREEN), DIMER 

(BLACK) AND TRIMER (RED) SPECIES AS DEPICTED IN (A). (C) SHOWS A HEIGHT DISTRIBUTION 

TAKEN FROM A TYPICAL IMAGE USED IN THIS WORK, WITH A MAJORITY OF MONOMER SPECIES, 

SHOWN BY THE GAUSSIAN PEAK FITTED TO THE HISTOGRAM. ............................................ 78 

FIGURE 6.9: 3 X 3 NM
2
 STM IMAGES TAKEN AT 78 K SHOWING THE APPEARANCE OF (A) A GOLD 

DIMER, (B) A GOLD TRIMER, AND (C) A TETRAMER OR LARGER CLUSTERS ON THE 

STOICHIOMETRIC (101) SURFACE. THE BLUE COLOURING IS USED TO PROVIDE CONTRAST 

AND DISPLAY THE MORPHOLOGY AT GREATER HEIGHTS. ................................................... 79 

FIGURE 6.10: ‘BEFORE AND AFTER’ STM IMAGES OF THE ANATASE (101) SURFACE SHOWING (A) 

THE CLEAN SURFACE, WITH SUBSURFACE FEATURES AND DIMER ROWS BEFORE GOLD 
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DEPOSITION (30 X 30 NM
2
, 300 K, VS = +1.8 V, IT = 300 PA); AND (B) THE EXACT SAME 

LOCATION ON THE SURFACE AFTER THE IN SITU DEPOSITION OF GOLD (30 X 30 NM
2
, 300 K, 

VS = +2.0 V, IT = 100 PA). (C) SHOWS THE SAME AREA AS (A), WITH AN OVERLAID MAP OF THE 

BRIGHTER VO,S SITES IN WHITE. (D) SHOWS A FURTHER MAP OF GOLD ATOMS IN BLACK 

OVERLAID ONTO (B), WHICH CAN THEN BE COMPARED TO THE VO,S SITES, SHOWN IN GREEN, 

TO HIGHLIGHT GOLD NUCLEATION IN RELATION TO THE SUBSURFACE DEFECTS. THERE ARE 

SEVERAL INSTANCES WHERE GOLD ATOMS SEEM TO ALIGN AT THE EDGES OF THE VO,S SITES.
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2
, VS = +1.2 V, IT = 50 PA)AND (B) NEAR A DARKER REGION (5 X 5 NM

2
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VS = +1.0 V, IT = 50 PA). THE BLACK ELLIPSES DENOTE THE GOLD SPECIES, AND THE 

CENTRAL POINT OF THIS IS SHOWN BY A BLACK DOT, TO HELP PINPOINT THE NUCLEATION 
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FIGURE 6.13: AT THE TOP, STM IMAGES OF AU1 AT 78 K ON THE (101) SURFACE, HOPPING FROM 

ONE SITE TO ANOTHER (A) BEFORE A VOLTAGE PULSE, AND (B) AFTER A -2 V, 100 MS PULSE 

(BOTH 5 X 5 NM
2
, VS = +1.0 V, IT = 100 PA).  THE BOTTOM SET SHOWS STM IMAGES OF 
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CIRCLED IN BLACK, AND (D) THE NEXT FRAME (AROUND 200 S APART) OF THE SAME AREA, 

WITH NOW MISSING GOLD SPECIES INDICATED BY WHITE CIRCLES (BOTH 30 X 30 NM
2
, 300 K, 
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FIGURE 6.14: STM IMAGES OF GOLD MONOMERS ON (A) THE STOICHIOMETRIC (101) SURFACE (5 

X 5 NM
2
, VS = +1.0 V, IT = 100 PA) AND (B) NUCLEATED ON A VO,S SITE (10 X 10 NM

2
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+1.7 V, IT = 30 PA). BLACK X’S MARK THE LOCATIONS OF THE CORRESPONDING POINT STS 

MEASUREMENTS WHICH ARE DISPLAYED BELOW THEIR RESPECTIVE IMAGES. (C) SHOWS A 

SMALL DOS AT -2.2 EV. (D) SHOWS A LARGER SIGNAL AT -2.2 EV. THE FERMI LEVEL IS 

LOCATED AT 0 EV ON ALL STS. THE DOS OF THE CLEAN SURFACE IS SHOWN IN BLACK FOR 
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FIGURE 6.15: PROJECTED DOS FOR AU1 NUCLEATED (A) ON THE STOICHIOMETRIC (101) 

SURFACE, COMPARED TO THE OBSERVED VALUES, WHICH ARE DEPICTED BY THE BLUE 

SHADED AREAS ON THE GRAPH. (B) SHOWS THE PROJECTED DOS FOR AU1 NUCLEATED AT A 



 

25 

VO,S SITE, WITH THE VALUES OBSERVED BY STS SHOWN IN GREEN. THE ONSET OF THE 

CONDUCTION BAND AS SEEN BY STS IS ALSO SHADED IN FOR REFERENCE, AND THE 

PROJECTED DOS ARE TAKEN FROM [29]. ........................................................................ 86 

FIGURE 6.16: STS SPECTRA OF AU1 NUCLEATED (A) ON A STEP EDGE, SHOWING AN INCREASE IN 

THE SIGNAL AROUND -2.2 EV, (B) ON AN (O2)O SHOWING NO DOS, AND (C) NEAR A DARK 

REGION SHOWING AN INCREASE IN THE SIGNAL AT -2.2 EV. (25 X 25 NM
2
, VS = +1.7 V, IT = 50 
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FIGURE 6.17: STM IMAGES OF AU1 ON (A) THE STOICHIOMETRIC (101) SURFACE (3 X 3 NM
2
, VS = 

+1.0 V, IT = 50 PA) AND (B) NUCLEATED ON A VO,S SITE (3 X 3 NM
2
, VS = +1.0 V, IT = 100 PA). 

COLOURED X’S MARK THE LOCATIONS OF THE CORRESPONDINGLY COLOURED POINT STS 

MEASUREMENTS WHICH ARE DISPLAYED BELOW THEIR RESPECTIVE IMAGES. (C) SHOWS A 

SMALL DOS AT -2.2 EV THAT DOES NOT VARY ACROSS THE SURFACE OF THE ATOM. (D) 

SHOWS A LARGER SIGNAL AT -2.2 EV THAT SEEMS TO PEAK IN INTENSITY AT THE EDGES OF 

AU1 NUCLEATED AT A VO,S SITE. ...................................................................................... 88 

FIGURE 5.1: RADIOMETRIC PROFILES OF THE DIFFERENT LEDS, LABELLED AND SHOWN ON 

DIFFERENT AXES AS A WATERFALL PLOT TO CONTRAST THE INTENSITIES AND ENERGY 
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-2

NM
-1

. THE POWERS OF EACH LED ARE SHOWN AS A BAR CHART ON THE 

RIGHT-HAND SIDE, DISPLAYING THAT THE POWERS OF EACH LED HAVE BEEN NORMALIZED.
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FIGURE 5.2: STM IMAGES SHOWING (A) THE CLEAN RUTILE (110) SURFACE, WITH A 70 X 70 Å
2
 

INSET HIGHLIGHTING THE BRIGHT HYDROXYL FEATURES (VS = +2.1 V, IT = 0.03 NA), AND (B) 
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2
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FIGURE 5.3: STM IMAGES TAKEN OF THE BENZOATE-COVERED RUTILE (110) SURFACE 

CONSECUTIVELY, WITH IMAGE 1 TAKEN AT 0 S, AND IMAGE 2 AT 120 S, AFTER ONE FRAME HAS 

BEEN SCANNED. THERE IS A MOBILITY MAP OF OVERLAID COLOURED CIRCLES TO SHOW THE 

DIFFUSION OF EMPTY SITES. GREEN POINTS REMAIN UNCHANGED BETWEEN THE TWO 
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FRAMES, RED POINTS ARE NEW DARK POINTS, AND BLUE ARE PREVIOUSLY EMPTY SITES THAT 

ARE NOW OCCUPIED. OFTEN BLUE AND RED POINTS OCCUR IN PAIRS, SUGGESTING 

DIFFUSION. MOST EMPTY STAY CONSTANT BETWEEN THE FRAMES, WITH 92% APPEARING 

’IMMOBILE’. A 50 X 50 Å
2
 INSET IN IMAGE 1 HIGHLIGHTS SOME OF THE HORIZONTAL STREAKS 

THAT ARE OBSERVED WHEN IMAGING THE MONOLAYER (VS = +2.0 V, IT = 0.03 NA). ......... 107 

FIGURE 5.4: (A) AN STM IMAGE OF THE BENZOATE OVERLAYER AFTER FOUR MINUTES OF 

EXPOSURE TO A UV AND VISIBLE 'WHITE' LED LIGHT (VS = +1.9 V, IT = 0.01 NA). (B) SHOWS 

THE COVERAGE PLOTTED AS A FUNCTION OF DIFFERENT IRRADIATION TIMES, TREATED AS A 

ZERO-ORDER REACTION AND (C) THE COVERAGE SHOWN AS A FUNCTION OF TIME TREATING 
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FIGURE 5.5: STM IMAGES OF THE BENZOATE OVERLAYER ON THE RUTILE TIO2(110) SURFACE 

AFTER 20 MINUTES OF IRRADIATION BY LEDS OF DIFFERENT WAVELENGTHS, FROM 
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+2.0 V, IT = 0.01 NA). THE DIFFERENT TRENDS IN COVERAGE ARE PLOTTED IN THE LINE 

GRAPH DISPLAYED IN THE MIDDLE.  ERROR BARS IN TIME  ARE NEGLIGIBLE AND CANNOT BE 
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FIGURE 5.6: A SCATTERPLOT SHOWING HOW THE RATE OF FORMATION OF EMPTY BENZOATE 

SITES PER UNIT AREA VARIES WITH DIFFERENT ENERGIES OF INCIDENT PHOTONS. THE BAND 

GAP ENERGY OF 3.0 EV AND ABOVE IS HIGHLIGHTED IN PURPLE FOR REFERENCE. THE 
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FIGURE 5.7: STM IMAGES SHOWING CLEAN AND BENZOATE-COVERED RUTILE TIO2(110) 

SURFACES WITH BLACK ARROWS HIGHLIGHTING ‘BARE PATCHES’ OF TIO2 DEVOID OF 

HYDROXYLS THAT DISPLAY BAND BENDING EFFECTS UNDER IMAGING. (A) SHOWS THE AS-
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A BARE PATCH SHOWING MORE STABILITY BUT ALSO OTHER SMALLER PROTRUSIONS, 

HIGHLIGHTED BY WHITE ARROWS (VS = +1.9 V, IT = 0.03 NA). ......................................... 118 
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FIGURE 5.8: STM IMAGE HIGHLIGHTING TWO DIFFERENT SPECIES THAT ARE ONLY OBSERVED 

AFTER IRRADIATION OF THE BENZOATE / RUTILE (110) SURFACE (BY ALL DIFFERENT 

WAVELENGTHS), WITH A ROUND FEATURE INDICATED BY BLUE ARROWS, AND ELONGATED 

OVAL ARTEFACTS SHOWN USING RED ARROWS. CORRESPONDING HEIGHT DISTRIBUTIONS 

ARE SHOWN ON THE RIGHT IN THEIR RESPECTIVE COLOURS, DISPLAYED AS HISTOGRAMS 

WITH GAUSSIAN CURVES OVERLAID (VS = +1.9 V, IT = 0.01 NA). IMAGE DISPLAYED HERE 

SHOWS THE SURFACE AFTER 20 MIN IRRADIATION BY 365 NM (UVA) LIGHT. HEIGHTS ARE 

MEASURED FROM THE OVERLAYER TO THE PEAK OF THE SPECIES. .................................. 120 

FIGURE 5.9: STM IMAGE FOCUSING ON THE FEATURES THAT CAN BE OBSERVED NUCLEATED 

WITHIN BARE PATCHES OF TIO2 FOLLOWING IRRADIATION OF THE SURFACE. BRIGHTNESS AND 

CONTRAST ARE OPTIMISED TO HIGHLIGHT THE MORPHOLOGY OF EACH SPECIES (VS = +1.9 V, 

IT = 0.02 NA). LINE PROFILES OF THE COLOURED LINES DESCRIBED IN THE IMAGE ARE SHOWN 

ON THE RIGHT PANELS, DISPLAYING THE SIZES ALONG BOTH [001] IN GREEN AND [110] IN 

BLUE. FOR REFERENCE, THE HEIGHT OF THE OVERLAYER IS SHOWN IN BLACK AS JUST OVER 3 

Å, AS MEASURED FROM THE BARE TIO2 ROWS. .............................................................. 122 

FIGURE 5.10: STM IMAGES TAKEN OF THE SAME AREA AT CONSECUTIVE FRAMES, 150 S APART, 

TO FORM AN ‘STM MOVIE’ AND HIGHLIGHT MOBILITY AND DYNAMICS ON THE SURFACE, AFTER 

40 MINUTES OF IRRADIATION BY UVA LIGHT. THE BARE TIO2 PATCH CIRCLED BY A BLUE 

DASHED LINE IN THE 0 S FRAME IS OF PARTICULAR INTEREST, WITH THE LOCATION OF ONE 

MOLECULE AT THE BOTTOM LEFT OF THIS PATCH TRACKED WITH A BLUE DOT. THIS REGION 

ALSO INCLUDES A ‘CRACK’ THAT FORMS IN THE SECOND FRAME, HIGHLIGHTED BY A BLUE 

ARROW IN EACH FRAME. CHAINS OF SPECIES ALSO FORM AT EXTENDED IRRADIATION TIMES, 

AND SOME ARE INDICATED BY RED ARROWS IN THE 0 S FRAME. (250 X 250 Å
2
, VS = +1.9 V, IT 

= 0.02 NA) .................................................................................................................. 124 

FIGURE 5.11: STM IMAGES DISPLAYING FRAMES TAKEN OF THE SAME SURFACE AREA,180 S 

APART, WITH CIRCLES MAPPED ONTO THEM TO INDICATE THE DIFFUSION OF BENZOATES.  

BECAUSE OF THE IMAGE IN STM, THE DIFFUSION IS DISCUSSED BY MONITORING THE 

MOBILITY OF EMPTY SITES OR IMMOBILITY OF EMPTY SITES. THE POSITIONS ARE ANALYSED 

ON SELECTED TERRACES AND AVOIDING 'CRACKS' OR OTHER DISRUPTIONS TO THE 

OVERLAYER. (A) AND (B) SHOW THE FIRST AND SECOND CONSECUTIVE FRAME ON THE NON-

IRRADIATED SURFACE, AS AN EXAMPLE, WHEREAS THE REST OF THE IMAGES SHOW ONLY THE 

SECOND FRAME, TO HIGHLIGHT THE DIFFERENCE BETWEEN DIFFERENT ENERGIES OF 

PHOTONS. IT IS TO BE NOTED THAT THESE IMAGES ARE TAKEN AFTER THE COMPLETE 

IRRADIATION EXPERIMENT AND THE REFERENCE TO IRRADIATION IS TAKEN AS LABEL OF THE 
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IMAGE.  (C) IS AN IMAGE TAKEN AFTER THE SURFACE WAS IRRADIATED WITH A BROAD 

SPECTRUM XE LAMP FOR 3 MINUTES FOLLOWED BY 180S WITHOUT IRRADIATION AT RT. (D)-

(H) DISPLAY SIMILAR IMAGE MAPS, BUT TAKEN AFTER  THE (D) 3.4 EV UVA; (E) 2.7 EV BLUE 

LIGHT; (F) 2.4 EV GREEN; (G) 2.0 EV RED; AND (H) 1.7 EV NIR PHOTON EXPERIMENTS. (VS = 

+2.0 V, IT = 0.02 NA).  GREEN CIRCLES REPRESENT EMPTY SITES THAT HAVE REMAINED 

IMMOBILE, BLUE CIRCLES ARE POINTS THAT HAD AN EMPTY SITE IN THE FIRST FRAME BUT ARE 

NOW OCCUPIED, RED POINTS ARE ‘NEW’ EMPTY SITES THAT APPEAR IN THE SECOND FRAME.
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FIGURE 5.12: A GRAPH DISPLAYING THE DATA PRESENTED IN TABLE 5.1, HIGHLIGHTING THE 

RELATIONSHIP BETWEEN THE MOBILITY OF EMPTY BENZOATE SITES AND THE COVERAGE OF 
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BROWN FOR NIR, AND THE OPEN BLACK CIRCLE SHOWING THE VALUES PRE-IRRADIATION. 

THE BLACK DOTTED LINE IS A LINEAR REGRESSION ADDED, WITH A GOODNESS-OF-FIT 
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FIGURE 5.13: STM IMAGES OF THE BENZOATE / (110) SURFACE AFTER IRRADIATION BY BROAD 

SPECTRUM 'WHITE' LIGHT WITH A PARTIAL PRESSURE OF 1 X 10
-8

 MBAR O2 FOR DIFFERING 

LENGTHS OF TIME, MARKED ON THE BOTTOM RIGHT CORNERS OF THE IMAGES (VS = +1.9 V, IT 
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X 50 Å
2
 INSET SHOWING THE BRIGHT BRIDGING HYDROXYL FEATURES OBSERVED (VS = +2.1 
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DEPOSITION OF BENZOIC ACID, WITH A 100 X 100 Å
2
 INSET SHOWING THE ORDERING AND 
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BEFORE (BLUE) AND AFTER (RED) BENZOIC ACID DOSAGE, TO HIGHLIGHT THE DIFFERENCE IN 

SIZES. ......................................................................................................................... 150 

FIGURE 6.4: STM IMAGES SHOWING THE BENZOATE OVERLAYER AFTER 3 MINUTES OF FULL 

SPECTRUM LIGHT EXPOSURE, TAKEN OF (A) THE BARE BENZOATE-COVERED TIO2(110) (VS = 
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Introduction 

 

1.1 Surface Science and Metal Oxides 

Surface science involves the investigation of processes at the boundary between vacuum 

and solid, with the aim of understanding physical and chemical interactions from the 

macroscopic down to an atomic level. With greater understanding, mastery of fundamental 

forces can be realised, and devices and materials can be engineered atom-by-atom, in a 

way such as that imagined in Richard Feynman’s famous talk ‘There’s plenty of room at the 

bottom’, credited with birthing the field of nanotechnology. Surficial processes are integral to 

many applications and research in this field is aimed at providing solutions to the modern 

world’s greatest challenges, ranging from providing clean energy to tackling global 

pandemics.  

The initial development of the field of surface science was motivated by interest in another 

important process; heterogeneous catalysis, which continues to drive the progression of a lot 

of research in this exciting domain. The value of this work was recognised when the 2007 

Nobel Prize in Chemistry was awarded to Gerhard Ertl “for his studies of chemical processes 

on solid surfaces”. In particular, the recognition was given for Ertl’s work on discerning the 

role of iron as a catalyst in the Haber process, which creates ammonia used in fertilizer to 

help feed around 40 % of the world’s population.  

Surface reactions are often highly complex, particularly under the harsh environments of 

many industrial factories and labs that employ high temperatures, pressures and chemical 

environments. In order to study such complex reactions, experimental techniques have  



Chapter 1: Introduction  Surface Science and Metal Oxides 

32 

needed to be developed and innovated at astonishing rates. The development of vacuum 

technology provided a means by which the field could expand and progress. Ultra-high 

vacuum (UHV) systems, operating at pressures below 1 x 10
−10

 mbar, enable surfaces to 

avoid contamination long enough to be characterised by a variety of techniques. This also 

reduces the complexity of the experimental environment by removing additional molecules, 

leading to the use of simplified, model surface systems that can be more easily understood 

and offer clear insights into fundamental processes. More complexity can be introduced in a 

controlled fashion to bridge the material gap between model systems and industrial 

materials; for example, temperature-dependent effects can be monitored through systematic 

annealing of samples, or other molecules such as oxygen, carbon dioxide and water can be 

introduced, once again in a controlled fashion by limiting the background pressure using 

high-precision leak valves connecting gases to UHV chambers.  

The invention of scanning probe microscopy (SPM) served to completely revolutionise 

surface science and nanotechnology. In particular, the scanning tunnelling microscope 

(STM) has been very influential, earning its founders, Binnig and Rohrer, the 1986 Nobel 

Prize in Physics [1, 2]. STM allows the direct visualisation of many processes relevant to 

catalysis, including the nucleation of individual adsorbates on a surface, the behaviour of 

defects down to an atomic level, and the morphology of thin film growth regimes. SPM 

techniques can also be used to induce certain effects on sample surfaces, including the 

manipulation of single atoms and molecules to nanostructure the surface. In fact, an iconic 

image demonstrating the power of STM to achieve atom-by-atom restructuring is shown in 

Figure 1.1, wherein Eigler et al. constructed 50 Å long letters out of xenon atoms on a nickel 

surface, to spell out ‘IBM’.  

Traditional UHV-based methodologies employ well-controlled environments, so as to isolate 

certain processes or aspects of a process. Data is often collected at cryogenic temperatures 

to further simply surface dynamics. As a result, single crystal metal surfaces have primarily 

been investigated. More complex metal oxide systems are commonly used today to form 

models of industrial catalysts by dispersing nanoparticles on to planar surfaces.  

Metal oxides are an interesting class of materials in their own right, with bulk oxides 

exhibiting fascinating properties, ranging from superconductivity [4], to tuneable electronic, 

magnetic and optical characteristics [5]. Almost all metals oxidise in ambient conditions, but 

the chemical activity of this oxide layer varies greatly, with some oxides acting as an inert 

passivating barrier to the bulk, while others actively participate as a support for catalysts, or  
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Figure 1.1: STM images taken of xenon atoms (bright spots) on a nickel (110) surface (darker 

background) as they are manipulated into a pattern by the STM tip. (a) shows the nickel surface with 

unordered xenon atoms dosed on top, while (b) shows the final ‘IBM’ pattern. Greyscale is applied 

according to the slope of the surface Images are 160 x 160 Å2 and taken at 4 K with scanning 

parameters of Vs = + 0.01 V, and It = 1 nA. Adapted from reference [3]. 

even act as catalysts themselves. Better understanding of metal oxide interfaces using 

surface science techniques is therefore of value to many technological applications. This 

includes investigating the electronic and topographic structure, as well as monitoring 

interactions with other materials, such as nanoparticles, gaseous molecules and under 

irradiation.  

Despite the strong interest in exploring metal oxide surfaces using surface science 

techniques, most metal oxides are insulating [5], which provides a challenge for many of the 

techniques in the surface scientists ‘toolbox’. This is because many of the characterisation 

methods, such as X-ray photoelectron spectroscopy (XPS) and STM, require the flow or 

exchange of electrons with the surface of the sample, which thereby needs to exhibit a 

certain level of conductivity.  

To overcome this technological barrier, many metal oxides can be made semiconducting 

through doping [6], or through the introduction of defects such as oxygen vacancies. In the 

case of titanium dioxide, single crystals are readily reduced by annealing the surfaces under 

UHV, which in turn increases the conductivity of the material [7]. Metal oxides with larger 

band gaps, such as magnesium oxide, must be studied as thin films grown on metal 

substrates [8]. Titanium dioxide is researched as a model catalyst support material in this 

thesis. 
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1.2  TiO2  

Titanium dioxide	is a well-studied material with many technological applications, ranging 

from gas sensing to water purification [9, 10]. Diebold’s seminal review covers various 

applications, as well as properties of different TiO2	surfaces [7]. TiO2	is also commonly 

studied as a catalytic support for metal particles, and rutile and anatase are the two 

polymorphs that are catalytically active. It is well known that gold nanoparticles on titania	

surfaces promote reduction-oxidation reactions, such as the production of hydrogen via the 

water-gas shift reaction [11]. The production of hydrogen has also gained interest through 

the photocatalytic splitting of water, again using the Au/TiO2	system [3]. Hydrogen produced 

by these reactions could be used as a low-carbon energy vector to provide clean fuel and 

counteract the climate change crisis. 

Of the rutile and anatase surfaces, rutile (110) has been most extensively studied and is 

considered the prototypical metal oxide surface [7, 12-17]. The (110) face of rutile is the 

thermodynamically most stable, with a surface unit cell measuring 6.5 Å in the [11%0] direction 

and 2.95 Å in the [001] direction, as shown in Figure 1.2(a). Ab initio theoretical calculations 

corroborate experimental observations in showing that, compared to other low-index 

surfaces, rutile (110) has the lowest surface energy, and is the most stable, followed by the 

(100), (101) and (001) faces, presented in order of most-to-least stable [18, 19]. This stability 

is also expected when comparing the faces taking electrostatic and coordination arguments 

into account [20, 21]. 

Oxygen vacancies play an important role in the surface chemistry of rutile (110), and 

consequently its catalytic behaviour [7]; a bridging oxygen vacancy is demonstrated in 

Figure 1.2(a), circled in white and these are labelled commonly as VO. The bulk unit cell of 

rutile consists of a titanium ion coordinated, or bonded, to six oxygen atoms in an octahedral 

configuration, and as can be seen from Figure 1.2(a), the (110) surface consists of titanium 

atoms with both sixfold- and fivefold coordination environments, Ti6c and Ti5c respectively. 

Accordingly, there are also two kinds of oxygen atom present on the surface; threefold- and 

twofold-coordinated species, O3c and O2c. In this notation the letter represents the element 

and the subscript refers to the coordination number, or number of bonds. The stoichiometric 

TiO2 surfaces are wide bandgap insulators, but introducing oxygen vacancies by sputtering 

and vacuum annealing the sample leads to defects (oxygen vacancies and titanium 

interstitials) that create a semiconducting substrate. One such surface oxygen vacancy, VO, 

is shown on the rutile(110) surface in Figure 1.2(a) but subsurface vacancies located in the 

top few layers of the bulk, VO,S, are more common in the anatase(101) surface. 
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Figure 1.2.: Filled-space ball models of (a) the rutile (110) surface and (b) the anatase (101) surface. 

Surface unit cells are highlighted by yellow trapezoids, and a surface oxygen vacancy is circled by a 

dashed white line on the rutile (110). Oxygen ions are red, and titanium is light blue. The top rows of 

oxygen ions on the rutile surface are displayed in dark blue to emphasise that they are bridging two-

fold coordinated oxygen ions. Two hydrogen ions are also shown on the rutile surface, forming 

bridging hydroxyl groups.  

Hydroxyls are the other most common surface defect observed in STM images of the 

rutile(110) surface, appearing as bright spots as discussed throughout this thesis; two 

examples are shown in Figure 1.2(a) represented as green hydrogen ions on the bridging 

twofold coordinated oxygen rows. VO’s also appear as bright spots under STM, albeit less 

bright than hydroxyl point defects appear.  

Despite the prevalence of rutile (110) in experimentation, anatase forms the larger fraction of 

active material in TiO2	powder catalysts [7]. Particularly, anatase is of interest for 

photocatalysis, as it has high activity when compared to other polymorphs of TiO2. The most 

thermodynamically stable surface is anatase (101), as shown in Figure 1.2(b). Experimental 

data on single crystals is less common, as it is difficult to obtain anatase crystals that are 

large enough and have high purity [18]. The surface unit cell measures 10.24 Å in the [101%] 

direction, and 2.78 Å in the [010], and the chemistry of the anatase (101) surface differs from 

rutile (110) in various respects, with oxygen vacancies more energetically stable in the bulk 

than on the surface [19]. Similar to rutile (110), the anatase (101) surface is made up of Ti5c 

and Ti6c atoms, as well as O2c and O3c atoms. 
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1.3 Thesis Structure 

The conceptual structure of this thesis is shown pictorially in Figure 1.3, and described in the 

text below. 

 

Figure 1.3: Schematic diagram showing the conceptual structure of this thesis, with keywords to show 

the themes of each section. The methodology section of this diagram encapsulates both the 

theoretical and experimental chapters, and the double-headed arrows depict how each of the results 

chapters gain data and use this to inform the design of further work.  

Chapter 2 of this thesis gives an overview of the fundamental theory underpinning the 

experimental techniques used to obtain the experimental data throughout this body of work. 

In particular, an understanding of the physics of STM and STS is integral to interpreting 

results seen, and this is discussed in detail. Low energy electron diffraction (LEED) and 

photoemission processes are also discussed briefly, with a focus on analysis of 

experimental observations.  

Chapter 3 details the practical aspects of the experimental set ups used in this work, which 

was undertaken in two UHV systems in London, and another in Saudi Arabia, all housing 

STMs. Operational features of STMs are discussed, and further information is given with a 
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focus on the dosing of metal nanoparticles and gaseous molecules. Sample preparation 

methodologies and the use of auxiliary analytical techniques are also covered. 

Chapter 4 is the first results chapter, and investigates the simplest system used in this 

thesis, comprising of single gold atoms on the anatase (101) surface imaged at cryogenic 

and room temperatures. The nucleation dynamics and electronic structure of gold atoms 

were explored using both in situ and ex situ dosing, using STM and STS techniques. This is 

discussed in the context of subsurface defects and photocatalysis, with a focus on band gap 

states. 

Chapter 5 increases the complexity of the model system by monitoring the photodynamics of 

a benzoic monolayer adsorbed on the rutile (110) surface. A photodegradation mechanism 

is observed and explored, with surprising activity recorded at very low photon energies. 

Fundamental insights are gained into this model dye-molecule system, and the impact of 

surface preparation and intermolecular forces in a monolayer are emphasised. 

Chapter 6 is the last chapter of results, culminating the series of work with the highest 

degree of complexity. Gold is used as both a probe molecule to further understand the 

photooxidation mechanisms that a benzoate monolayer undergoes, and as a catalytically 

active nanoparticle. Interactions of the gold with surface groups are discussed in the context 

of catalytic and fundamental applications, and how this influences the photoreaction 

mechanism of the benzoates.  

The concluding chapter of this thesis summarises the experimental work presented 

throughout, and suggests potential directions for subsequent research, to expand and build 

upon findings in this thesis. 
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Theoretical Aspects of Instrumentation 

 

Abstract 

This chapter details theoretical aspects that underpin the surface science techniques used in 

this body of work. The focus lies with scanning tunnelling microscopy and spectroscopy. In 

addition, the techniques of low energy electron diffraction and X-ray photoemission 

spectroscopy are explored.  
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2.1 Scanning Tunnelling Microscopy 

The invention of scanning probe microscopy (SPM) revolutionised surface science and 

nanotechnology. In particular, the scanning tunnelling microscope (STM) earned inventors 

Binnig and Rohrer the 1986 Nobel Prize in Physics [1, 2]. STM allows the real-time 

visualisation of many processes relevant to catalysis, including the nucleation of individual 

adsorbates on a surface, the behaviour of defects at an atomic level, and the morphology of 

thin film growth regimes. Through STM, it is possible to routinely manipulate individual 

atoms and molecules, chemically identify adsorbed species, and perform spectroscopy on 

them. 

STM makes use of the quantum mechanical phenomenon of electron tunnelling, wherein 

electrons traverse through a potential energy barrier as opposed to energetically overcoming 

it. For tunnelling to occur, the electron energy (E = eV) is therefore much smaller than the 

work function, f: & ≪ (. 

 

Figure 2.1 Schematic to illustrate the practical setup of an STM. The raster scan trajectory of a sharp 

tip across a conducting sample surface is shown, and the distance between the tip and the sample, z,  

is typically on the order of a few Ångströms. 

Electron tunnelling is achieved by bringing an atomically sharp, metallic tip to within a few 

Ångströms of a conductive sample, as illustrated in Figure 2.1. This proximity is required so 

that the wavefunctions of the tip and sample ()*+, and )-./,01) overlap before their 

amplitudes decay.  

To understand how the tunnelling current, 2*, depends on the distance 3, it is useful to 

consider an electron travelling in one dimension into a rectangular potential barrier of height 
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45 and width 67. Solving the Schrödinger equation for this case describes the wavefunction 

of the electron inside the potential barrier as:	

)(:) ∝ =>?@. (2. 1) 

k is the inverse decay length of the electronic wavefunction, defined as: 

C = E
2F1(45 − &)

ħI
, (2. 2) 

where F1 is the mass of a tunnelling electron, &	is its energy, and ħ is the reduced Planck’s 

constant [3]. This gives a transmission probability, K, of the form:  

K = L1 +
4N
I sinhI C67	
4&(4N − &)

T
>U

, (2. 3) 

which is proportional to 2*. In the weak transmission regime where CW ≪ 1, K tends towards: 

K ∝ =>I?.. (2. 4) 

When equation (2.2) is combined with equation (2.4) it is possible to see the high sensitivity 

of 2*  to the tip-sample distance, 3: 45 − & is equal to the workfunction, (, and is typically a 

few eV; and 2C is approximately 2 Å
-1

. Applying these values to equation (2.4) means that a 

change in 3 of just 2 Å will cause 2*  to change by a whole order of magnitude. This sensitivity 

also indicates that tunnelling can be considered to take place primarily through a single atom 

at what is the apex of the tip. 

Whereas equation (2.4) describes the relationship 2* to 3 once tunnelling is initiated, this 

does not explain why tunnelling occurs. Once the tip is brought close to the sample surface, 

the Fermi levels of the tip and the sample will align as they reach a thermal equilibrium, 

meaning that due to Pauli’s exclusion principle there can be no electrons transferred 

between the two. Therefore, tunnelling is induced by applying a potential bias, 4, across the 

tip and sample: if the sample is biased positively, the Fermi level of the sample will shift 

downwards with respect to the tip, and electrons can travel from the filled states of the tip to 

the empty states of the sample. If the sample bias is negative, the Fermi level of the sample 

shifts upwards respective to the tip Fermi level, and electrons travel to the tip from the 

sample [4]. This phenomenon is shown in Figure 2.2. 
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Figure 2.2 A diagram depicting the band structures of the sample surface and tip as well as the 

potential barrier between the two while they are: (a) separated by an infinite distance; (b) brought 

close together with no potential bias between the two; and (c) brought close together with a potential 

bias of V  > 0 to induce tunnelling. EF denotes the Fermi level, Evac the vacuum energy level and z is 

the tip-sample distance. 

It is apparent from the above that the tunnelling current described in equation (2.4) is 

dependent on the bias between the tip and the sample, 4, in addition to the transmission 

probability, K. The following sections explore the formalisms used to explain this further, 

including how band structure variations also play a role.  

2.1.1 Tersoff and Hamann 

Tersoff and Hamann applied first-order perturbation theory to propose that 2* can be 

described using Bardeen’s formalism [5], giving:  

2* =
2X=
ħ
YZ[\&]^ − [(&_`
],_

ab]_a
I
6(&_ + c − &]), (2. 5) 

where = represents the elementary charge, e the tip electronic state and f the sample state 

[6]. The & values refer to the energies of these states, while [(&) and 6(&) are the Fermi 

and Dirac functions respectively. b]_  is the tunnelling matrix between the tip and sample 

states, described by Bardeen as [5]: 
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b]_ =
ħI

2F
ghijjjj⃗ ∙ ()]∗ ∇jj⃗ )_ − )_∗∇jj⃗ )]∗), (2. 6) 

where the surface integral is integrated over any surface lying entirely within the barrier 

region separating the tip and the sample. 

By applying low temperature and low bias limits, equation (2.5) reduces to:  

2* =
2X=
ħ
=I4Yab]_a

I
6(&_ − &p)6(&] − &p)

],_

, (2. 7) 

where &p is the Fermi level of the sample. These limits are applicable in the case of low 

temperature STM measurements of metallic surfaces, which only require low biases.  

From equation (2.5), Tersoff and Hamann applied one of the first theoretical studies of STM 

that considers the full surface potential. To achieve this, they modelled the tip as a locally 

spherical potential well, and thus this approach is called an s-model, in reference to the s 

electronic orbital [6, 7]. Further, the tip is treated as a point probe and any further tip 

interactions with the surface are not considered. This is based on the presumption that the 

tip apex changes regularly during scanning, and therefore cannot be accurately modelled. 

These limits give rise to a tunnelling matrix that is proportional to the amplitude of the 

electron’s wavefunction, at position rs, )(rs), so that equation (2.7) becomes:  

2* ∝Y|)_(rs)|I6(&_ − &p) ≡ v(r*, &p)
_

.

	
(2. 8) 

Here, v(r*, &p) describes the charge density present at the Fermi level and at the position of 

the tip, r*. Therefore, equation (2.8) shows that within limits of the s-model, 2*-derived 

images map out the LDOS of the sample [8], which is inherently convoluted with 

contributions from the physical topography of the sample. Although the s-model treatment of 

the tip as a point probe is simplistic, this relation of the tunnelling current to the LDOS is also 

corroborated by more complex treatments by Tersoff and Hamann that treat the tip as an s-

wave [6, 7]. 

 

2.1.2 Chen  

Tersoff and Hamann’s s-model treats the STM tip as a non-interactive point probe in order to 

achieve maximum resolution, with a theoretically predicted limit of around 6 Å [6]. However, 
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this is not in agreement with experimental results, which have been able to laterally resolve 

features as small as 2 Å apart [9]. In order to understand this increase in resolution, a more 

rigorous treatment of the tip structure needs to be applied. Chen provided the first chemical 

description that led to an improved model, noting that the tip-sample separation is close 

enough to allow for covalent overlap of electrons [10]. This moved the understanding of STM 

scanning away from a solely s-based model for the electronic orbitals involved, highlighting 

that most common STM tip materials (such as tungsten, platinum and iridium) have DOS 

contributions at the Fermi level that originate from d bands.  

 

Figure 2.3 Schematic diagram demonstrating Chen's reciprocity principle applied to an STM tip 

scanning a sample surface. 

This approach was tested using first principle calculations, which demonstrated the 

prevalence of hxI dangling bonds near the &p for tungsten tips. These hxI states are highly 

localised and are thought to play a dominant role in electron tunnelling [11], so much so that 

this new model accurately predicted the atomic resolution possible in STM imaging. Chen’s 

work further showed that chemical bonds are constantly made and broken between the tip 

and the sample as the tip is moved along the surface. This gave rise to what is known as the 

reciprocity principle, whereby Chen maintains that scanning an s-wave material with a hxI tip 

is equivalent to scanning a hxI-wave material with a tip composed of atoms with s-orbitals. 

This concept is illustrated schematically in Figure 2.3.  

 

2.1.3 Lang 

As 2* is highly dependent on the LDOS at the tip and sample surfaces, it is also important to 

factor in the effect of adsorbates and how they might influence the tunnelling current and 

resulting STM image. Lang considered the effect of adsorbates by modelling how an STM tip 

with a sodium atom at the apex might interact with a helium, sodium or sulphur atom at the 
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sample surface [12, 13]. To model the tip-adsorbate interaction he postulated that both the 

sample and the tip act as plane electrodes, and applied Bardeen’s tunnelling formalism to 

determine the variation in the sample density of states. One of these results is depicted in 

Figure 2.4, which displays the change in tip-sample distance as the tip electrode is laterally 

scanned across the different adsorbate atoms. This shows that both sulphur and sodium 

adsorbates increase the LDOS, but to significantly different magnitudes due to the differing 

S 2p and Na 3s resonances. In contrast, an adsorbed helium atom actually decreases the 

LDOS observed, as metallic states are polarised away from the Fermi level during scanning. 

Lang’s models serve to stress the importance of using theoretical modelling in conjunction 

with imaging when attempting to accurately interpret STM images, which is a non-trivial 

undertaking. 

   xxh 

Figure 2.4  Figure displaying the results of theoretical calculations, designed to show the different 

effects that sodium, sulphur and helium adsorbates have on the LDOS when acquiring images using 

STM. Adapted from reference [12]. 

 

2.1.4 Wrentzel-Kramers-Brilliouin Approximation 

Despite the useful insights that the Tersoff-Hamann and Chen approaches give, a different 

formalism is required when entering a higher bias regime. For example, in order to scan the 

semiconductors studied in this body of work, biases of 1-2 V are typically employed. At these 

biases, tunnelling contributions from states below &p must also be considered, unlike in the 

Tersoff and Hamann rigour. The contribution of these states is particularly useful when 
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considering STS signals. To this end, the Wrentzel-Kramers-Brillouin (WKB) approximation 

considers a semi-classical model of two planar electrodes at 0 K. This takes both filled-initial 

and empty-final contributions into account, describing the tunnelling current as: 

2* = 	g v-(y, &)v*(y, −=4 + &)K(&, =4, y)h&

17

s

. (2. 9) 

Here, v- and v*	refer to the electronic DOS of the sample and tip, respectively, at position 

y	and energy E, relative to their individual Fermi levels	[8, 14]. The tunnelling transmission 

probability is given by:  

K(&, =4) = exp�−
23√2F
ħ

E
(- + (*

2
+
=4
2
− &Å , (2. 10) 

in which (- and (* are the workfunctions of the sample and tip, and 3 is the tip-sample 

distance. This describes a maximum in transmission probability for electrons at the Fermi 

level, meaning that these electronic states dominate the contribution to the tunnelling current 

[15]. While easy application of the WKB method is restricted to one-dimensional cases, the 

generalisation to multidimensional space is possible, as demonstrated by Huang et al. [16].  

2.1.5 John G. Simmons Formula 

The WKB approximation holds at higher biases than the Tersoff-Hamann and Chen 

approximations, but it should only be employed if the energy of the impinging electron is not 

near or above the top of the potential barrier and if the sides of this barrier can be 

considered to be gently sloping.  

When considering planar metal-insulator-metal tunnelling more generally, free electron 

behaviour must be considered in conjunction with the WKB approximation. This allows 

derivation of an expression of the tunnelling current according to the John G. Simmons 

formula, although this does still assume that T=0 and that the tunnelling electrodes are in 

thermal equilibrium [17]. Thus: 

2* =
=

4XIħÇÉ
Ñ 	Ö45 exp\−Ü67á45^ − (45 + =4)=:àZ−Ü67á45 − =4`â, (2. 11) 

with 67 representing the width of the potential barrier, 45 the average barrier height, and  

Ü = 2äI/

ħÑ
.  
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Therefore, equation (2.11) describes the tunnelling current attained for an STM with an 

arbitrary barrier shape. 

2.1.6 Scanning Tunnelling Spectroscopy 

It is possible to use STM to probe the LDOS across a sample surface by recording I-V 

characteristic measurements at many points on the surface. This spectroscopic method, 

known as scanning tunnelling spectroscopy (STS) can be used to interrogate variations in 

the distribution of electronic states over atomic features and defects, as well as adsorbates. 

To elucidate the relationship between the tunnelling current and the LDOS of the sample, it 

is sufficient to differentiate the tunnelling current as defined by the WKB approximation in 

equation (2.9). This gives the differential with respect to voltage as 

h2*
h4

= 	v-(y, &)v*(y, 0)K(=4, =4, y) +g v-(y, &)v*(y, & − =4)
hK(&, =4, y)

h4
h&

17

s

. (2. 12) 

The first term in equation (2.12) is a convolution of the DOS at the tip and the sample. The 

second term shows how the transmission probability K depends 4, providing a smooth 

monotonically increasing background to the spectroscopic information. Consequently, most 

of the structure in such a plot will come from the first term. The DOS of the metallic tip is 

taken to be constant, so that dIç/dV is directly proportional to the LDOS of the sample.  

The simplest way to apply this knowledge practically is to perform point I-V spectroscopy, as 

mentioned above. This involves pausing an STM scan and turning the constant current 

feedback loop off. This allows the tip to be held in a fixed position above the sample as the 

bias voltage is swept across a set range, and the response of the tunnelling current is 

recorded [18].Typically, a few spots on an STM scan are selected, and results are averaged 

over various scans in order to improve the signal-to-noise ratio. The dIç/dV values can either 

be numerically differentiated following data acquisition, or they can be recorded directly 

using a lock-in amplifier. To do this, the bias voltage is modulated, and the resulting 

tunnelling current is passed directly through a phase detection algorithm in the lock-in. This 

reads the first harmonic signal, which is the differential conductance, dIç/dV [19]. 
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2.2 Low Energy Electron Diffraction 

Low energy electron diffraction (LEED) is a technique used to probe the surface structure of 

crystalline materials. This method was developed from initial observations, made separately 

by Davisson [20] and Thomson [21, 22, 23] in the 1920s, of monochromatic beams of 

electrons incident on the surface of single crystal samples. From these experiments, 

Davisson and Thomson both noted that elastically backscattered electrons are emitted along 

preferential directions. The orientations of the backscattered electrons are determined by the 

structure of the sample, thereby giving information on the periodicity of the crystal. This 

revelation earned Davisson and Thomson the joint honour of the 1937 Nobel Prize for 

Physics. 

The physical origin of this phenomenon lies in the wave nature of a beam of electrons, as 

first postulated by Louis de Broglie. This describes the electron wavelength, λ, as: 

λ = 	
ℎ

á2F1&
	 , (2. 13) 

where ℎ	is Planck’s constant, F1 	is the mass of the electron, and & is its energy. Using 

equation (2.13), the typical electron energies used in LEED measurements (20-200 eV) 

results in equivalent wavelengths ranging from 0.87 Å to 2.7 Å. The size of these 

wavelengths is comparable to the atomic spacings, W, found in many crystalline solids such 

as the TiO2 surfaces studied in this thesis [24]. These electrons will therefore interact with 

the atomic spacings, becoming diffracted and backscattered.  

 

Figure 2.5 A graphical demonstration of the diffraction principle underpinning LEED measurements. 

The blue dotted lines represent the difference in paths that two parallel diffracted beams have. 
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In order to understand how the diffraction patterns observed can give us information about 

the structure of substrate and adsorbate layers, consider a collimated beam of electrons 

interacting with a one-dimensional periodic array as in Figure 2.5. If we take the path length 

difference of the two beams, ∆ì, as:  

∆s = 	∆sU −	∆sI, (2. 14) 

using simple trigonometry, we can see that ∆ì relates to W according to:   

∆s = a(sinïU −	sinïI).		 (2. 15)	

The diffraction pattern produced is brightest when constructive interference occurs, or when:  

∆s = 	nλ, (2. 16) 

with n	representing any integer. Substituting this condition into equation (2.15) results in the 

relation: 

a =
ñó

(sin ïU −	 sin ïI)
.		 (2. 17) 

Through equation (2.17), quantitative information on the surface lattice constant can clearly 

be obtained through analysis of the peaks in intensity in the LEED diffraction pattern.  

This one-dimensional model can readily be extrapolated to two-dimensions, leading to quick 

and easy measurements of a sample surface. LEED is also extremely surface sensitive; as 

can be seen in Figure 2.6, the inelastic mean free path of electrons at the typical electron 

energies employed during LEED remains on the order of 10 Å. Through comparison of 

experimentally observed diffraction patterns with theoretically simulated LEED patterns, the 

arrangement of atoms in the top few surface layers of a single crystal sample can easily be 

determined. 
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Figure 2.6 A plot displaying the escape depth, or mean free path, of electrons as a function of kinetic 

energy for a selection of elements. Adapted from reference [25]. 

2.3 Photoemission and Auger Processes 

When a sample is irradiated with a monochromatic beam of light of photon energy greater 

than the binding energy of a core electron, ℎò ≫ &5, a core-level electron can be excited to 

the energy level of the vacuum, resulting in photoemission. This process is shown 

schematically in Figure 2.7(a). The kinetic energy, &ö, of a photoemitted electron can be 

described as:  

&õ = ℎò + (Ü − &ú − (ì, (2. 18) 

where (ù and (- represent the workfunctions of the energy analyser and the sample 

respectively [25]. The binding energies of core-level electrons are quantised and 

characteristic of the atomic element and state from which they originated. (ù and (- are 

assumed to be constant, so that when performing photoemission spectroscopy on a sample, 

the kinetic energies of emitted electrons are dependent only on the binding energies of the 

electrons and the incident photon energy. The incident photon energy is known, meaning 

that equation (2.18) can be used to determine the binding energies of a sample, and 

therefore chemically identify the atomic species that are present, along with their chemical 

states. 
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Figure 2.7 A schematic demonstrating the electronic transitions that occur during (a) XPS, in which a 

core level electron is excited by an incoming photon with enough energy to overcome its binding 

energy, resulting in photoemission of this electron; and (b) Auger decay, in which the hole left by a 

photoemitted core electron is filled by the decay of an electron from a higher energy orbital. The 

excess energy from this electron is transferred to another electron, which is subsequently able to 

overcome its binding energy and is emitted with energy EK, Auger. 

When performing XPS, the kinetic energies of photoelectrons are sampled, resulting in 

peaks at characteristic energies that can be read as a chemical fingerprint of the sample. 

The shape of these peaks are convolutions of Lorentzian and Gaussian curves, with the 

Lorentzian width, Γ, being an inherent value that is determined by the core-hole lifetime ü 

according to Heisenberg’s uncertainty principle [26]: 

Γ =
ħ

τ
.		 (2. 17) 

The width of the Gaussian component is accounted for by experimental factors, including a 

finite photon source width, the energy resolution of the analyser, and thermal broadening 

effects. 

When a metallic sample is scanned, the Lorentzian shape displays an asymmetric tail on the 

side of the peak with higher binding energy, with a lineshape known as Doniach-Sunjic. This 

tail is caused by shake-up events that result from one-electron energy levels residing above 

the Fermi level [25].  

Due to the limited mean free path of electrons in solids, as shown in Figure 2.6, XPS is 

inherently a surface-sensitive technique, similar to LEED as described above. Although X-

(a) (b) 
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rays have a much higher penetration depth than electrons, at multiple µm, the mean free 

paths of the photoemitted electrons still limits the technique to exploring the first few atomic 

layers of a surface.  

The core hole left by a photoemission event can be filled either through fluorescence or 

Auger decay, as illustrated in Figure 2.7 [25]. In this process, an electron from a higher 

energy orbital drops down to fill the core-level hole, with excess energy remaining. This 

excess energy can either be emitted as a photon, or transmitted to a neighbouring electron, 

typically at a higher energy orbital too. Upon receiving the excess energy, this electron can 

in turn be excited to photoemission, in what is known as Auger decay. The kinetic energy of 

the emitted Auger electron, &ö,ù°¢1£, is quantised according to the difference in energy levels 

as:  

&õ,Ü§•=y = &ú − &1ì − &2ì, (2. 17) 

where &5 is the energy level of the hole, &U- is the initial energy of the decaying electron, 

and &I- is the initial energy of the emitted Auger electron. In this way, the characteristic 

energy of Auger electrons can be used to provide chemical identification of elements present 

in a sample in a similar practical set up as is used for XPS.
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Instrumentation 

 

Abstract 

This chapter gives details of the practical aspects of instrumentation used in the body of this 

work. The primary focus is on the STM instruments used, comprising an Omicron VT-STM 

and LT-STM, as well as a Specs Aarhus HT-150 STM. Other auxiliary techniques employed 

in this work are also described, and all measurements were carried out within ultra-high 

vacuum (UHV) systems.  
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3.1 UHV Instrumentation 

To facilitate the accurate and reproducible imaging of surfaces at an atomic level, the 

experimentation presented in this thesis has been carried out in systems using UHV 

conditions. UHV pressures are typically defined as those at or below 1	 ×	10>Us mbar, and 

are used to avoid contamination by gaseous molecules in the surrounding atmosphere. 

Assuming a sticking probability of unity for trace background gas molecules, a surface kept 

under UHV is able to be studied for hours before a monolayer is adsorbed on to the surface 

from the surrounding environment. Thus, UHV enables the fundamental physical and 

chemical interactions of a model system to be investigated. The extreme cleanliness of a 

UHV system is particularly useful when applying techniques such as scanning probe 

microscopies, which have an average image acquisition time on the order of minutes.  

The UHV atmosphere also allows for effective electron spectroscopy measurements, as 

such low pressures extend the mean free path of electrons from nanometres in ambient 

conditions, to kilometres under vacuum. This allows electrons to radiate the sample surface 

with minimal loss of flux, and similarly facilitates the collection of electrons diffracted or 

ejected from the sample.  

When performing dosing of gaseous molecules, or initiating overlayer growth onto a surface 

using physical vapour deposition (PVD), the surface adsorption rate, y., is governed by both 

the flux of gaseous molecules impacting on the surface from the gas phase, 2, and the 

sticking coefficient, ì [1]. Equation (3.1) expresses the flux, 2, as a function of partial 

pressure, à [2]: 

2 = 	
ñò̅
4
	= 	

à

(2XF®5K)
U
I©
	, (3. 1) 

where ñ is the molecular density and ò	™ is the mean speed of molecules.	®5 is Boltzmann’s 

constant, and K is the temperature. However, not all molecules impacting the surface will 

stay on the surface and contribute to y.; the ratio of adsorption rate to impingement rate is 

what defines ì, known as the sticking coefficient. ì is expressed as 

ì	 = 	´[(Θ)=>≠ÆØ∞ ±≤≥⁄ , (3. 2) 

with ´ referred to as the condensation coefficient, which is dependent on orientation effects 

and the energetic accommodation of adsorbed molecules, and [(Θ) is a coverage-

dependent function which describes the probability of finding an available adsorption site. 

The Boltzmann term factors in the energetics of the activated adsorption. 
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The flux and sticking coefficient from equations (3.1) and (3.2) are combined to give y. as 

y. 	= 	ì2. (3. 3) 

In order to obtain an estimate of the coverage of deposited gaseous molecules, this equation 

is multiplied by the exposure time, ü, to give  

Θ = üy.	. (3. 4) 

Typically, the coverage is expressed as a monolayer equivalent (MLE), or as a fraction of 

available surface sites, µs, which is defined, for example, in Chapters 4 and 5, by the 

number density of Ti5c sites on an ideal planar anatase TiO2(101)-(1x1) surface, as  5.17 x 

10
18

 Ti m
-2

 [3]. 

Within a UHV system, a series of pumps with different operational principles are used in 

conjunction with one another. These range from rotary or scroll pumps, that use positive 

displacement to act as backing pumps for turbomolecular pumps, to titanium sublimation 

pumps (TSPs) that enable the lower range of UHV pressures by working as “evaporable 

getter” pumps. Turbomolecular pumps use momentum transfer to evacuate gaseous 

molecules and achieve high levels of vacuum (down to around 10
-7

 mbar) from ambient 

conditions.  

To achieve ultra-high vacuum, the whole system must be baked at around 400 K for 24 

hours or longer, in order to desorb gaseous molecules that adsorb on to the interior surface 

of the system in ambient conditions. Turbomolecular pumps are employed before and during 

the bake to evacuate the desorbed molecules. Pressures are monitored using a selection of 

gauges that have different functional pressure ranges.  

The instruments used within this body of work are contained within the three systems 

displayed overleaf in Figure 3.1, Figure 3.2 and Figure 3.3. Each system consists of two 

chambers, a preparation chamber and an analysis chamber, as well as a fast-entry loadlock 

that is pumped by a turbomolecular pump, to enable samples and STM tips to be transferred 

into the other two chambers without disrupting the UHV pressures within. Gas line manifolds 

are also incorporated into the systems to enable the introduction of gases into the system, 

through high-precision leak valves.  
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Figure 3.1 Photograph displaying the SPECS Aarhus HT-150 UHV system, with the sample 

preparation chamber in the foreground to the left, separated from the analysis chamber in the 

background to the right. 

 

 

Figure 3.2 Photograph displaying the Omicron Gmbh VT-STM UHV system, with the sample 

preparation chamber on the right separated from the analysis chamber on the left.
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Figure 3.3 Photograph displaying the Omicron Gmbh LT-STM UHV system, with the sample 

preparation chamber in the foreground separated from the analysis chamber in the background, 

complete with tall cryostat structure within which the STM is housed. 

3.2 The Scanning Probe Microscopes 

The three scanning probe microscopes depicted in Figure 3.1, Figure 3.2 and Figure 3.3 are 

commercially available models, with their UHV systems and attached components shown as 

schematic plans in Figure 3.4, Figure 3.5 and Figure 3.6. The chambers for each system 

include an ion sputter gun and a heater for annealing, both of which are used to clean and 

prepare semiconductor and metallic surfaces for imaging. Each system also has ex situ 

metal and gas dosing functions situated in the preparation chambers. 

The SPECS Aarhus HT-150 is a variable temperature microscope capable of operating from 

90 K to 400 K with a temperature stability of ±2 K. The analysis chamber contains the STM 

and sample cleaning facilities, while the photoreaction chamber includes a metal evaporator 

for ex situ dosing of Au in addition to a gas line used for the dosing of benzoic acid onto the 

surface, and a window used to expose the sample to UV and visible light of different 

wavelengths. The results presented in Chapters 4 and 5 were taken at room temperature on 

this equipment using a single etched tungsten STM tip.  

Results obtained in Chapter 6 were taken using both of the Omicron Gmbh STM systems. 

The VT-STM is another variable temperature microscope, with an operational range of 25 K 
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to 1500 K. The analysis chamber houses the STM, Knudsen cell evaporator used for in situ 

dosing of Au, and LEED/AES optics, for characterisation of samples within the UHV system.  

The LT-STM is a low temperature microscope capable of operating from 5 K to 300 K. The 

microscope is specifically designed to be used at low temperatures, and thepiezo 

sensitivities, which are temperature sensitive, were therefore calibrated at 5 K, 78 K and 300 

K. Calibration was achieved through use of Au(111) and Si(111)-7x7 surfaces [4, 5]. Low 

temperatures are attained through use of two bath cryostats that can be filled with liquid 

nitrogen or helium. The cryostats are aligned with one inside the other so that both house 

the stage for holding the sample and STM tip, serving to cool both. There is also a direct 

current heater built into the LT-STM, which enables images to be taken at a range of 

temperatures between 5 K and 300 K. The UHV system is similar to that described for the 

VT-STM, with the addition of a hemispherical analyser in the analysis chamber, to perform 

XPS on samples. The metal evaporator was used for the ex situ deposition of Au.  

Images using the VT-STM were taken at room temperature, and those obtained using the 

LT-STM were taken at 78 K. Various etched tungsten tips were used for image acquisition, 

made from wires ranging from 0.2 to 0.4 mm in diameter. 

 

Figure 3.4 Schematic showing the SPECS Aarhus UHV system and the main components used for 

sample preparation and analysis. 
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Figure 3.5 Schematic overview of the VT-STM UHV system and equipment used in this work. 

 

Figure 3.6 Schematic diagram showing the LT-STM UHV system. 
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3.2.1 STM Operation 

For the SPECS STM system, the tip is coarsely approached towards the sample on the 

scale of mm using a linear actuator employing an inchworm mechanism. As the coarse 

motion operates in only one dimension, along the z-axis (towards and away from the tip), the 

scanning window is limited in both x- and y-directions (along the plane of the sample) by the 

range of the fine piezoactuator. This is located behind the tip and realises nm-levels of 

control, but without remounting the sample on the sample holder the resulting imaging 

window is limited to 150 x 150 µm
2
. 

In contrast, the Omicron STM systems employ a slip-stick mechanism to coarsely approach 

the tip towards the sample, but the tip also has coarse motion available in both the x- and y-

directions, allowing for a wider potential imaging window. For each of the three STM 

systems used, the sample is held still and suspended above the moving tip, as is illustrated 

from different viewing perspectives in Figure 3.7.  

 

Figure 3.7 STM stage shown (a) from above in situ under vacuum with a sample plate observed 

through a UHV viewport in the SPECS UHV system, (b) from the side of the VT-STM while vented to 

atmosphere for repairs, and (c) in profile with the LT-STM cryostat removed and the whole stage out 

of the vacuum system, where the piezoelectric scanning tube can be seen at the base of the tip.  

To approach the tip to within tunnelling distance of the sample, coarse motion is first used 

with an optical camera to manually position it within five millimetres of the surface. Once in 

position, an automatic approach procedure is engaged that advances the tip towards the 

sample in small steps until the tunnelling current setpoint is reached. The setpoint 

parameters used were typically between 0.1-3 nA at +1.2-18 V in the body of this work. 

Mechanical contact and desorption often occur between the tip and sample upon approach, 

evidenced by surface disturbances and roughness. This can be avoided by moving laterally 

across the surface by a few frames (around 200 nm), but desorption may still occur during 

scanning until an equilibrium is reached between tip and sample. When scanning at low 

(a) (b) (c) 
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temperatures of 78 K or less, the desorption and adsorption equilibrium can take up to an 

hour or so to be reached, at which point the images obtained will stabilise.  

All STM systems used in this work employ a single piezoelectric tube as designed by Binnig 

et al. [6], that can provide Ångström-level precision along the x-, y- and z-axes. During 

imaging, both x- and y-directions are traversed to build up a raster scan at a typical scan 

rate of a few lines per second. There is a balance to be struck between the level of detail 

and the acquisition time, and a 400 x 400-point scan is usually sufficient. 

3.2.2 Noise Reduction 

Mechanical vibrations in the UHV system can cause interference with STM images, which is 

referred to as ‘noise’. Noise can also arise from electrical interference on the STM tunnelling 

current signal, and interference from both mechanical and electrical sources leads to similar 

distortions that can be seen in STM images.  

To maximise the resolution and imaging capabilities of the STMs, the UHV systems are 

carefully designed and maintained to reduce the amount of vibrational interference and 

thermal drift. Components are engineered to have high resonant frequencies so as to 

minimise interactions with lower frequency mechanical vibrations that originate from the 

building and laboratory environments. The constituent parts of the microscopes are also 

made with materials with identical thermal expansion coefficients so as to minimise thermal 

drift. To further mitigate noise originating from the laboratory environment, the STMs used in 

this body of work were located underground in the basement of the buildings. 

 

Figure 3.8 Photograph of the SPECS Aarhus STM stage, electronics and internal damping springs 

(SPM Aarhus series brochure [7]).  
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The SPECS Aarhus STM stage, comprising the tip and sample holder, is suspended by 

three thick springs and two rubber straps that provide internal damping, as shown in Figure 

3.8. The Omicron stages are suspended by four vertical springs, which align the stage so 

that copper fins built into the circumference of the bottom of them are brought in between 

permanent magnets arranged in an inverse pattern. This design is displayed in Figure 3.9 

and serves to induce eddy-current damping of vibrations in the systems.  

To further control the level of mechanical noise in the STM signals, the entire UHV systems 

are supported on rubber feet and mounted on top of Halcyonics active vibration dampers. 

The preparation and analysis chambers are separated from one another by edge-welded 

bellows, and all of the above measures combine to produce very low levels of noise during 

operation.  

 

Figure 3.9 Top view of an Omicron STM stage, displaying the copper fins and accompanying magnets 

for eddy current damping as well as the vertical shafts housing the suspension springs and allowing 

positional adjustment.  

3.2.2.1 STM Stage Adjustment 

As discussed above, proper alignment of the STM stage is paramount to reduce noise in 

STM measurements. This is achieved through careful adjustment of the vertical springs, as 

is discussed in further detail elsewhere [8]. The springs are turned and tightened or 

loosened by manipulating the vertical shafts that house them, as highlighted in Figure 3.9. 

Lateral adjustment of the stage is achieved by turning the insets, which in turn are coupled 

to the springs so that they are tightened or loosened minutely, pulling the stage towards or 
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away from the spring undergoing adjustment. The off-centre key screws can also be 

adjusted using a hex key and this results in moving the suspension spring upwards 

(downwards) if turning the key in a clockwise (anticlockwise) direction.  

The positional adjustment of the STM stage needs to account for optimal spatial clearance 

of not only the stage from other components in the analysis chamber, such as the inner, LHe 

cryostat in the LT-STM, but also the springs themselves need to be clear from the 

surroundings. A further consideration, previously discussed, is that the suspension of the 

stage needs to be level, and of the right height to coincide with the middle of permanent 

magnets arranged around the stage circumference, in order to achieve eddy-current 

damping. Every two years, on average, the suspension springs need to be inspected and 

calibrated. This is because the lengths of the springs can change when cycling through a 

series of bakes at 400 K, necessary for high levels of cleanliness as discussed under UHV 

Instrumentation, and as low as 5 K for measurements on the LT-STM.  

3.2.2.2 Noise Detection 

As discussed, there are two types of noise that can interfere with STM measurements: 

mechanical and electrical. Seen through an STM image alone, it can be difficult to 

distinguish the sources of noise, and often a source of noise can have an amplitude that 

makes it impossible to image at all.  

Typically, the source of noise can be narrowed down by determining the frequency of the 

noise. Although not always the case, mechanical sources tend to have a lower frequency, 

while electronic noise occurs at higher frequencies of kHz magnitude and above. If the noise 

is regular and imaging is possible, the noise often appears as lines or “ridges” spanning the 

image. In this case, the number of lines per second may be able to be counted in order to 

determine the frequency. More typically, the tunnelling current can be monitored using an 

oscilloscope, as the tunnelling current signal is communicated throughout the STM 

electronics as a voltage. The noise level can be distinguished through use of a Fourier 

transform of the oscilloscope reading, and this can be done with the STM tip in tunnelling 

current range, simultaneously imaging a surface, or outside of tunnelling to observe any 

differences in behaviour of the noise.  
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3.2.2.3 Case Study  

During the course of the experiments presented in this thesis, various sources of noise 

interfered with the acquisition of STM images, including a protracted period of the time while 

acquiring data on the LT-STM. The behaviour of this particular source of noise was 

abnormal, as the frequency varied from 20 Hz to 20 kHz, and only occurred when the STM 

was used at low temperatures of 78 K. During troubleshooting, a series of power spectra 

were taken over two days using a Wilcoxon piezoelectric accelerometer bolted on to the 

STM chamber in conjunction with a Hewlett Packard spectral analyser as a detector. These 

spectra were taken in order to develop an understanding of mechanical noise that might be 

present in the laboratory environment. The frequencies were recorded as a function of time 

and displayed as a waterfall plot as shown in Figure 3.10, with the average of all values 

displayed as a line graph next to it, overlaid above the last measurement recorded (in red).  

 

Figure 3.10 Power spectra shown as a waterfall plot on the left, taken from accelerometer over 48 

hours On the right is a logarithmic line graph in blue showing the average amplitude of these 

frequencies, with the red line showing the last measurement taken at 48 hours.  

Through this analysis of the accelerometer data, it is possible to observe multiple peaks in 

the vibrational spectrum occurring at 50 Hz and 100 Hz, originating from heavy loads on the 

mains electricity supply grid such as local rotary pumps, a frequency at 120 Hz which is due 

to the water-cooling circulation system used in the local laboratory environment, and other 

lower frequencies that have unknown origins. The spectra displayed in Figure 3.10 serve to 

highlight common mechanical frequencies that exist in a typical lab, despite taking 

precautions such as being located in a basement. Through trialling and isolating these 

mechanical sources, it was determined that none were the cause of the noise observed on 
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the STM images at the time of this case, and after a process of elimination it was determined 

to be an electrical source of noise.  

Ultimately, the noise in this particular case study was found to originate from an electrical 

short in the wire that carries the tunnelling current signal from the STM tip to the control unit 

for the whole STM system. There was a break in the insulation of the wire that was only 

apparent at low temperatures of 78 K or below, at which point the wire insulation would 

contract enough to expose the bare wire underneath. The design of this wire runs along the 

cryostat as is displayed in the photograph shown in Figure 3.11, and this caused the bare 

wire to short to the housing, ultimately discharging to earth at low temperature and causing 

noise on the STM signal as described above. In actuality, this particular source of noise had 

elements of a mechanical origination as well as electronic, and this case serves to illustrate 

the complexity that such noise problems often carry with them. 

 

Figure 3.11 Photograph of the LT-STM cryostat taken out of vacuum, clearly displaying the vertical 

wire that carries the tunnelling current along the outside of the cryostat to the STM stage.  

3.2.3 STM Modes 

STM can be operated either in constant height mode or in constant current mode. These 

modes are displayed in Figure 3.12. Constant current mode (3.12(a)) is more commonly 

used, and during this a negative feedback loop is employed to maintain a constant tunnelling 

current as the tip is scanned across the surface. This is achieved by altering the voltage on 

the z-piezo using a circuit as is represented in Figure 3.13. The tip height changes during 
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scanning, and by recording the z-position at every (x, y) position within scanning range, a 

topographic map derived from the electronic structure (LDOS) can be formed. 

 

 

Figure 3.12 Schematic displaying the topographic (Z) and current (I) signal trajectories of an 

atomically sharp STM tip (grey atoms) in (a) constant current mode, and (b) constant height mode as 

it scans over the same surface (blue atoms). 

For constant height mode (3.12(b)) the distance between the tip and the sample, z, is kept 

constant, and changes in tunnelling current, It, are measured as the distance between the tip 

and the sample varies during raster scanning. Mapping the change in It as the tip raster 

scans essentially builds up an image depicting how the LDOS of the surface varies. As this 

mode does not rely on a feedback loop, much faster scan rates are possible than in constant 

current mode. However, atomically flat surfaces are required exhibiting no more than a few 

Å variation in order to avoid the tip crashing into the sample. 

 

Figure 3.13 Block diagram of the feedback system employed during constant current mode. 

 

 

(a) (b) 
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3.2.4 Tip Fabrication 

In order for STM to be an effective imaging technique capable of atomic resolution, an 

atomically sharp tip is integral to the system. As mentioned above, electrochemically etched 

tungsten wires were used to obtain the images presented in this work, with wires of 

diameters between 0.25 and 0.4 mm.  

To achieve atomic sharpness, lengths of tungsten wire were suspended in the setup 

displayed in Figure 3.14, so that the wire would hang halfway through a copper ring. The 

copper ring was connected to a power supply so that it became the cathode, and the tip 

itself was connected in such a way as to be the anode. Once the tip is correctly positioned, a 

meniscus of 2 M concentration NaOH is formed across the copper ring through application 

of a pipette and using the force of surface tension. The NaOH bisects the tungsten wire so 

that when a voltage of 1.65 V is applied, electrochemical etching occurs with an ionic current 

of 10 mA  [9]. The etching current is maintained by refreshing the NaOH meniscus, and as 

the wire is etched thinner, gravitational pull elongates and thins the wire further. When a 

threshold thickness is attained, the wire snaps, leading to the production of an atomically 

sharp tip.  

 

Figure 3.14 Photograph displaying the tip-making station, and corresponding circuit diagram/ 

Following the creation of the tungsten wire tip, this is then thoroughly rinsed in deionised 

water and isopropanol to wash away any remaining etching agent, and spot welded onto a 

tip holder. This is subsequently transferred to the UHV system, wherein it is degassed by the 

pump system and by annealing the tip to 450 K, in order to remove any tungsten oxide that 

may have grown, along with contaminants. This will help to maximise the chances of 

producing a tip capable of achieving atomic resolution in a stable and reproducible fashion. 
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A further degassing and fine-tuning of the STM tip can also be carried out during scanning, 

by applying pulses of voltage up to ±10 V between the tip and the sample to remove any 

contaminants as well as to restructure the tip.  

3.3 Sample Preparation 

Two single crystal samples were used in the body of work presented here, a synthetic rutile 

TiO2(110) sample and a natural anatase TiO2(101) crystal. The crystals are mounted onto 

standard SPECS or Omicron sample plates using Ta strips that are spot-welded to secure 

the samples. The samples are first cleaned by sonication in deionised water and then 

isopropanol, at which point they are placed into the UHV systems and inserted onto a 

magnetic transfer arm by venting the loadlock with dry N2. The sample is oriented and 

transported throughout the UHV systems by use of magnetic transfer arms and three-axis 

manipulators. In this way the sample can be rotated a full 360° and also be translated in 

three-dimensional space along the x-, y-, and z-directions.  

In order to transfer samples to the STM stage from the transfer arms, “wobble sticks” are 

used that have ball ceramics at the flange fitting, in order to offer a more versatile range of 

motion than the transferral arms. These are used with either a pincer jaw mechanism, or a 

rotating SPECS head. Although limited by the range of motion of the transfer arms and 

manipulators, these components enable the sample to be precisely positioned. 

Consequently, the sample is able to undergo cleaning and surface preparation or be 

subjected to analytical probes, such as LEED or XPS, under vacuum within the systems. 

The cleaning process used to prepare the samples in situ consists of multiple cycles of 

argon ion bombardment following by annealing under vacuum.  

3.3.1 Argon Ion Bombardment  

The first stage of the cleaning cycle is ion bombardment through use of an ion gun, typically 

employing argon gas [10]. The ion gun consists of a filament made of thoriated tungsten, 

which is heated, thereby emitting electrons and acting as an ioniser for argon atoms as the 

chamber is filled with gas using a high precision leak valve. An Ar
+ 
plasma is formed at a 

pressure on the order of 10
-5 

mbar, and these ions are channelled and accelerated through 

500 to 1500 V by the ion gun. This ion beam is then focused through an electronic lens 

system, and onto the sample surface, which is grounded. The impacting ions erode away at 

the sample surface, removing adsorbates, contaminants, and the first few layers of the 

surface, leaving the sample roughened.  
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The accelerating voltage can be tuned to optimise thorough cleaning of the surface, and the 

angle at which the sample is held to the incident beam of ions can also be varied. Various 

angles of incidence were used throughout this work. The efficacy of sputtering is best 

monitored and controlled according to the charge draining from the sample to earth, known 

as the drain current, typically measuring on the magnitude of µA. 

3.3.2 Sample Heating 

In order to smooth the surface to the nanometre level required for surface science 

techniques such as STM, the sample is annealed to temperatures up to around 1000 K on 

rutile surfaces and a maximum of 930 K for the anatase surfaces. The temperature chosen 

varies depending on the sample and sample holder size and geometry. This is done through 

electron bombardment, or e-beam heating. In this arrangement, a tungsten filament is 

heated until it starts emitting electrons, which are then accelerated into the backplate of the 

sample, which is held at a large positive voltage. The impact of these electrons causes the 

sample holder and sample to heat up, and the temperature is monitored through use of a K-

type thermocouple spot welded to the sample holder or an infrared pyrometer. The stability 

and efficacy of the e-beam heating is directly monitored using the emission current, which is 

number of electrons flowing through the sample plate as they impact it, originating from the 

filament.  

On occasion, samples were annealed in a partial pressure of oxygen, in order to remove 

surface carbon species. Oxygen pressure in the system was controlled using high precision 

leak valves.  

3.3.3 Introduction of Adsorbates 

As mentioned above, gases were introduced into the UHV system using UHV leak valves, 

including argon for sputter cleaning of the surface, BA for studying adsorption and 

desorption behaviours, and oxygen for both annealing and introduction to the sample 

surface as a probe molecule. The leak valves are attached to 5 mm Swagelok fittings that 

connect to the gas manifolds. These gas lines are held at 1.5–5 bar pressure to act as 

reservoirs of the gas in use. Before use, the gas lines are individually baked up to at least 

370 K whilst being pumped by turbomolecular pumps in order to evacuate any 

contaminants. The inner surfaces of the instrument are passivated by being back-filled with 

the gas that is to be introduced to the system and kept under pressure for several hours 

before dosing.  
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Figure 3.15 Set up displaying the hot water bath and baking tape (wrapped in aluminium foil to 

promote even heating of the gas line) used to hold benzoic acid at sublimation temperature and build 

up enough pressure to backfill the UHV chamber for dosing.  

In order to dose BA via a leak valve, the BA has to be degassed and sublimed multiple times 

over two or three days, as the acid is highly sensitive to water contamination. Once 

degassed, the BA crystals then require sublimation using a hot water bath. To keep the 

material in a gaseous state throughout the gas line, the whole line was maintained at a 

temperature of around 350 K using heated baking tapes. The BA dosing set up is shown in 

Figure 3.15. 

Water was also used as a probe molecule and co-adsorbed species alongside BA as an 

exploratory study that was not investigated further, using the SPECS UHV system. In order 

to achieve water dosing, a drop of deionised water is added to the loadlock, and then 

degassed using a turbo pump until the RGA mass spectrometer shows no traces of 

contaminants. The sample can then be exposed to this environment and the remaining 

partial pressure of water by opening the evacuated loadlock to the preparation chamber.  

In situ deposition of Au (Advent RM, 99.9%) was performed using a compact vapour source 

made by Taylor and Nicklin. This employs simple resistive heating of Au to evaporate and 

deposit the metal, with the design illustrated in Figure 3.16. The doser is orientated in such a 

way as to enable deposition whilst performing STM imaging, as shown in Figure 3.5. This 

allows in-depth studies of nucleation behaviour of the clean surface before PVD, and the 

same area of the doped surface after deposition. Ex situ Au deposition was carried out using 

a home-made doser consisting of a tungsten filament wrapped with Au wire to resistively 

heat and evaporate the metal and dose it on to the surface.  
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Figure 3.16 Schematic of Taylor and Nicklin compact vapour source. 

For all of the deposition of gaseous adsorbates, a molecular flow regime was maintained. 

Therefore, the rate of adsorption and expected coverage can be calculated using equations 

(3.3) and (3.4), with the pressure reading monitored through the chamber pressure gauges. 

 

Figure 3.17 Path of light within the Xenon Arc  lamp used for broadband illumination, showing the UV-

IR radiation filtered through a series of mirrors to retain light within the range of 300 to 650 nm, before 

exiting the lamp housing through a neutral density filter. 

The light sources used for the desorption studies in Chapters 4 and 5 were both located ex-

vacuum as shown in Figure 3.4, and the sample was irradiated through a standard UHV 

window at normal incidence. For broadband UV-IR illumination of the Au-BA/TiO2 surface, a 

Xenon Arc 300-W MAX-303 Asahi Spectra Xe lamp was employed, which electrically 

discharges xenon gas to emit light with a wavelength range of 250-1000 nm. The light is 

passed internally through a series of lenses and mirror modules shown schematically in 

Figure 3.17, which serve to filter most of the IR contributions out of the light. The light is then 

passed through a neutral density (ND) filter that can be altered to tune the light intensity, 

before exiting the lamp body. This light can be further filtered at the exit of the body. This 

work utilises a quartz fibre optic of 5 mm diameter, 0.5 m length to direct the light to the 

sample. In order to focus the light on to the sample, the spot size is reduced to around 2 cm 

diameter at a distance of 10 cm. 
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When selecting specific wavelengths of light for radiation of the BA/TiO2 surface, a CoolLED 

pE-4000 LED lamp was used, with a sample illumination pathway as described above. The 

wavelengths were selected through the use of different LEDs, at 365, 460, 525, 635 and 740 

nm. The spectral distributions of the two lamps are shown in Figure 3.18 and Figure 3.19, 

and were captured using a Spectral Evolution SR-500 spectroradiometer. These spectra 

were integrated in order to determine the power density per unit area of the irradiation, as 

The can also be seen in Figure 3.18 and Figure 3.19. For the LED light these were all 

normalised to 120 mWcm
-2

 in order to isolate wavelength-dependent desorption behaviours 

from any power-dependent effects when using light irradiation; this provided a convenient 

way to keep the number of incident photons approximately constant across the different 

wavelengths. 

 

Figure 3.18 Spectral distribution of Xenon Arc lamp shown on the left with y-axis representing 

intensity (in arbitrary units), and each colour representing the type of filter employed (from top to 

bottom: UV filter; 430 nm long pass (LP) filter; 530 nm LP; and unfiltered). The corresponding powers 

are displayed on the right, and both graphs were captured using a radiometer. 

 

Figure 3.19 Spectral distribution of LED lamp shown on the left, with a y-axis of intensity in arbitrary 

units, and the wavelength of each different LED light labelled in nm. The “White” LED is a combination 

of the 365, 460, 525 and 635 nm LEDs. The corresponding powers are displayed on the right, 

showing the normalised powers of the LEDs. Both graphs were captured using a radiometer. 
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3.4 Auxiliary Techniques 

3.4.1 LEED and AES Optics 

The LEED optics used in this body of work were Omicron SPECTALEED optics, using a 

reverse-view design with the practical aspects described as in Figure 3.20. LEED and AES 

were used in a minimal way in Chapter 6 of this body of work, to provide evidence of surface 

order and cleanliness prior to STM measurements.  

 

Figure 3.20 LEED optics displaying the practical setup for (a) LEED and (b) AES as operated in 

retarding field analysis mode. 

The instrument consists of an electron gun that focuses and directs monochromatic 

electrons towards the sample, which is earthed. The energy range of this beam is typically 

between 20-200 eV, which by the de Broglie relationship gives rise to electrons with 

wavelengths on the order of the atomic spacings found on the surface of crystalline solids, 

the systems studied in this work. Upon encountering the sample surface, the beam of 

electrons is diffracted by the crystal lattice, with backscattered electrons being directed 

towards a fluorescent screen. Before impacting the screen, these diffracted electrons pass 

through four concentric grids, with the first and last held at earth for shielding, and the middle 

two grids held at voltages so as to decelerate inelastically scattered electrons.   

The grids serve to filter out all but the elastically backscattered electrons, sharpening the 

image that is seen on the fluorescent screen, and enabling information to be gained about 

the order and surface roughness of the sample. The finite size of the LEED spots observed 

will give an indication of the roughness of the surface, while the pattern that is observed is a 

reciprocal space depiction of the crystal ordering on the surface.  
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The reverse optics design is also beneficial as it allows for residual field analysis (RFA) used 

for AES, displayed in Figure 3.20 in contrast to the LEED setup. In this application of the 

optics, the screen acts as a current collector, and the central grids act as retarding band 

pass filters. This enables chemical identification of species on the surface, as electrons of 

differing energies represent electrons that have been emitted from different Auger 

transitions, which are particular for particular atomic orbitals, thereby giving a chemical 

fingerprint.  

3.4.2 X-Ray Gun  

XPS was used in the experimental work in Chapter 6 to test for the cleanliness of sample 

surfaces and Au deposition. For this, a VSW HA125 concentric hemispherical analyser 

(CHA) was used alongside a VSW twin anode X-ray gun was used, as illustrated in Figure 

3.21.  Here, there is a single tapered copper rod that acts as an anode, held at a high 

positive bias of 10 kV. There are two faces of the anode, and each is coated differently with 

either Mg or Al, which are used as they are both monochromatic sources of electrons that 

provide good resolution for photoemission peaks studied in XPS. There is a filament in front 

of each face of the anode, and as these are heated up, electrons are emitted and sharply 

accelerated to impact the metallic surface. These collisions cause the emission of soft X-

rays, which pass through an aperture in the surrounding metal shielding whereby 

contaminants and stray electrons are filtered by use of a thin Al sheet. These X-rays are 

then directed to the sample surface as it is grounded, and photoemission effects can 

subsequently be observed.  

 

Figure 3.21 Schematic showing X-ray gun and twin anode source (sources in colour). 
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The X-ray source can be chosen by using either one of the filaments, with the Al Ka 

generating X-rays with a characteristic energy of 1486.6 eV, and the Mg Ka source 

generating an energy of 1253.6 eV. In order to avoid overheating of the X-ray gun housing, 

which could lead to the mixing of X-ray sources, and consequently unwanted spectral effects 

in XPS measurements, a water-cooling system is employed, also as shown in Figure 3.21. 

Upon irradiation of the sample surface with soft X-rays, photoemission of electrons is 

induced as described in the previous chapter. The VSW HA125 CHA filters and detects the 

electrons in order to build up an XPS spectrum of the sample. Filtering is done according the 

kinetic energy of the electrons, which is achieved in two ways. Firstly, after the entry 

aperture of the analyser, two concentric hemispherical metal plates are arranged to produce 

a channel. A varying electric field is applied across the plates so as to deflect certain 

electrons into the inner or outer walls of the analyser: if the kinetic energy of the electrons is 

too large (small), they will collide with outer (inner) hemisphere of the analyser; however, 

electrons within a specific energy range will be deflected sufficiently to traverse the channel 

and reach the detector at the end. The second filtering method is through use of a slit placed 

before the detector, which cuts the dispersed electron beam and further filters the energy 

range. By varying the electrical field, the intensity of photoelectrons incident on the detector 

is measured as a function of kinetic energy, in order to yield an XPS spectrum of the sample.  

3.4.3 Quadrupole Mass Spectrometry 

QMS analysers are used in each of the UHV systems, as can be seen in Figure 3.4, Figure 

3.5 and Figure 3.6. The SPECS UHV system uses a Hiden mass spectrometer analyser, 

while the Omicron systems use analyser heads manufactured by Vacuum Generators, to 

perform residual gas analysis (RGA) in the systems. RGA is used to test the systems for any 

contaminants or leaks, with a typical clean UHV spectrum displayed in Figure 3.22, but also 

to check the purity of gases such as argon used for sputtering, or BA used as a model 

molecule in Chapters 4 and 5.  
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Figure 3.22 Clean UHV mass spectrum taken at a pressure of 10-10 mbar, displaying typical peaks at 

m/z = 1 (H), 12 (C), 14 (N), 16 (CH4), 18 (H2O), 28 (CO and N2) and 44 (CO2). 
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Investigating the Nucleation and Electronic 

Structure of Gold Single Atoms Supported on 

Anatase TiO2(101) 

 

Abstract 

The behaviour of gold atoms deposited at room temperature was monitored using STM, and 

monomers, dimers and trimers were identified by height using in situ gold dosing. The 

atomic adsorption sites were determined and a preference towards the subsurface oxygen 

vacancy, VO,S, sites was observed, particularly at the edges of the band-bent regions. STS 

measurements of gold atoms nucleated at VO,S sites show a clear DOS peak at -2.2 eV in 

the band gap, and attenuated signals when atoms are adsorbed onto the stoichiometric 

surface, as well as at other sites such as step edges and absorbed oxygen, (O2)O, species. 

There was an unexpected variation in the intensity of the DOS signal observed across the 

individual gold atoms adsorbed at the VO,S sites, with a peak in intensity at the edges and an 

attenuation at the centre of the species. Atoms on the stoichiometric surface did not exhibit 

this variation in intensity.   
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4.1 Motivation 

Throughout history, gold has captured the imagination of mankind in a way that no other 

material has, symbolising divinity, wealth and power. However, its rich organometallic and 

coordination chemistry remained unexplored until the 1970s [1, 2, 3]. In the following years, 

gold nanoparticles were discovered to have very different properties to the bulk, and seminal 

work by Haruta [4] and Hutchings [5] determined that they are catalytically active at 

temperatures as low as 200 K. Au nanoparticles are now known to activate a wide variety of 

reduction and oxidation reactions, from hydrogen production via the water-gas shift reaction 

[6], to the hydrogenation of alkenes [7].  

Although the catalytic activity of nanostructured gold is well-established, contention remains 

about the mechanisms that drive this activity. One important factor is the interaction between 

gold particles and oxide supports, as many of the catalytic systems use a metal-oxide 

support such as TiO2 and activities are highly dependent on the material used [8]. 

Additionally, there are clear size- and shape-dependent effects: for example, small particles 

below 10 nm in diameter were observed to have the highest activity in Haruta’s early work, 

with peak activity observed at a diameter of 4.5 nm [9]. Other points of interest focus on 

determining the active site for catalysis, which model catalyst studies can elucidate [10].  

TiO2 powders with mixed phases demonstrate higher catalytic activity as a support for gold 

nanoparticles, but single crystal substrates are still used as model catalyst systems to better 

explore underlying catalytic mechanisms [11, 12, 13, 14, 15]. Single gold atoms, Au1, are of 

particular interest as nucleation dynamics provide insight into the surface interaction with 

gold nanoparticles, as well as influencing the growth of larger clusters. Further, Au1 species 

may play an important role in oxidation catalysis themselves, as has been demonstrated for 

other systems [16].  

Rutile TiO2 (110) is seen as a prototypical metal oxide surface due to its thermodynamic 

stability and as such, gold adsorption on the (110) surface has been studied extensively [17, 

18, 19, 20]. Specifically, high-resolution STM has been able to directly image Au1 atoms 

preferentially nucleating at bridging oxygen vacancy sites, which are characteristic features 

of a rutile TiO2 (110) surface at room temperature and labelled as VO [21]. Anatase, 

however, forms the larger fraction of active material in TiO2	powder catalysts [17]. 

Particularly, anatase is of interest for photocatalysis as it has high activity when compared to 

other polymorphs of TiO2; transition metals such as gold are employed to further enhance its 

photocatalytic efficiency [22]. The most thermodynamically stable surface is anatase (101), a 
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wide band gap insulator of 3.2 eV that can be made into a semiconductor through ion 

sputtering and vacuum annealing [23]. The wide band gap of 3.2 eV means that electrons 

can only be excited from the valence band to the conduction band by electromagnetic 

radiation of UV energies and above. Experimental data on single crystals of anatase is less 

common as it is difficult to obtain crystals that are large enough and have high purity [24].  

The chemistry of the anatase (101) surface differs from rutile (110) in various respects. One 

instance is that in anatase (101), oxygen vacancies are more energetically stable in the bulk 

than on the surface at room temperature. He et al. used DFT to explain the corrugation 

effects that can be seen using STM, linking the band-bent regions to impurities below the 

surface, likely to be extrinsic as their density reduces with repeated sputtering and annealing 

cycles [25].  

Setvin et al. extended this work to assign certain distorted and brighter features as arising 

from cluster subsurface oxygen vacancies, which are commonly labelled as VO,S [26]. Here, 

they create surface oxygen vacancies on the (101) surface through electron bombardment, 

and then the surface is mildly annealed in order to migrate the vacancies into the subsurface 

region, a phenomenon which occurs at temperatures above 200 K [27]. The band-bent 

regions assigned to subsurface oxygen vacancies or vacancy clusters are additionally 

scanned at a high positive sample bias, which causes species to appear on the surface. 

These are hypothesised to be oxygen vacancies migrated to the surface from the bulk; this 

subsurface localisation has implications for chemical reactions involving molecules such as 

water and oxygen, as well as memristive behaviours for oxides and oxygen diffusion in solid-

oxide membranes.   

STM and DFT have been used together by Gong et al. to observe the nucleation behaviour 

of small gold clusters on anatase (101), in the only STM study of this system to date [28]. As 

described above, oxygen vacancies are introduced to the surface through electron 

irradiation, showing that surface vacancies provide preferential nucleation sites, analogous 

to the rutile (110) surface. However, this study did not consider the prevalence of subsurface 

oxygen vacancies on the anatase (101) surface at room temperature and above, which are 

more typical of the environments in which TiO2 catalysts would be used industrially. 

Despite their importance, there are very few modelling studies that take subsurface oxygen 

vacancies into account when considering the adsorption of gold particles on to anatase 

(101). Schlexer et al. use density functional theory (DFT) to show that gold clusters below 

four atoms display a preferential nucleation for sites above oxygen vacancies, as long the 

vacancies lie within a few atomic layers of the surface [29]. This adsorption is not as strong 
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as that seen for a surface oxygen vacancy, but there is a similar charge transfer from Ti
3+

 

ions to create an Au
−
 species. In addition to shedding light on the mechanisms underpinning 

Au/TiO2 (101) catalysis, the results from the literature show that the subsurface region of 

anatase (101) is chemically important when considering catalysis. The work presented in 

this chapter comprises a high-resolution investigation of gold single atoms and their 

nucleation behaviour with respect to subsurface defects on the anatase (101) surface. 

In order to further probe the nucleation behaviour of gold on the anatase (101) surface, the 

local density of electronic states can be interrogated at a subatomic level. On a defect-free 

surface, no intensity in the LDOS is expected in the band gap region 0 to 3 eV below EF. 

STS has been used on the anatase (101) surface to show that excess electrons are located 

at step edges, which consequently act as adsorption sites for oxygen adatoms [30]. These 

give rise to a peak in the spectra at -1 eV and are attributed mainly to donors such as 

oxygen vacancies and hydroxy groups at the steps. Additionally, there may be trapping of 

other bulk donors at the step sites that contribute to this band gap state. 

A polaron is an electronic charge that is coupled to a structural distortion in a crystal lattice 

[31, 32]. The characteristics of polarons intrinsic to the anatase (101) and rutile (110) 

surfaces have been understood by mapping the position of defect electronic states in the 

band gap, which has an important effect on charge dynamics during catalysis [33]. In this 

work, the authors explore a further difference in defect states between the surfaces of rutile 

(110) and anatase (101) TiO2, showing that electrons localise into ‘small polarons’ that can 

hop along the rutile surface. Conversely, excess electrons associated with defects on the 

anatase surface are delocalised over several surface unit cells, forming anisotropic ‘large 

polarons’; the example used in this work is a peak seen using STS at -40 meV that is 

induced by a positively charged subsurface donor, postulated to be Nb, and is spatially 

localised at the brightest point of band bending. In this context, delocalised electrons are 

those at the bottom of the conduction band that still retain properties similar to a band, such 

as maintaining their k-dispersion. 

Polarons play a key role in the exotic behaviour that metal oxides often exhibit, as well as in 

understanding and engineering their chemical reactivity [34]. In the results presented below, 

STS has been used to understand the electronic behaviour of subsurface oxygen vacancy 

impurities on the anatase (101) surface in particular, and the effect that the nucleation of 

gold atoms has on the LDOS. 
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4.2 Experimental Procedure 

The results presented in this chapter were taken in two different UHV systems, each 

equipped with a commercial Omicron Gmbh STM. Each system has two sections: an 

analysis chamber housing the STM, and an adjoining sample preparation chamber with an 

Ar
+
 sputter gun and an e-beam heater. The in situ gold deposition measurements were 

taken using a VT-STM, and the preparation chamber of this system houses Omicron 

SPECTALEED optics for LEED and AES measurements. The base pressure of this system 

was 5 x 10
-11

 mbar. The ex situ experiment was carried out using an LT-STM, and this 

system has XPS and LEED capabilities in the preparation chamber 

The anatase TiO2(101) sample used was a natural crystal prepared by cycles of Ar
+
 ion 

sputtering and UHV annealing to 1000 K. Cleaning cycles were carried out until a well-

ordered TiO2(101)-(1x1) diffraction pattern was observed using LEED. This process was 

found to create large, flat terraces that are free of contaminants as observed under STM. 

Minimal impurities were observed using AES in the VT-STM system and XPS in the LT-STM 

system. As the anatase crystal is natural, there are some dopants detectable throughout the 

sample, but only at trace levels. Ta, Ar and W signals were observed at low atomic 

percentages below 0.05 ML cumulatively, possibly introduced through sample preparation 

and treatment. Further trace amounts of F and Sb were also seen, at 0.004 ML and 0.002 

ML respectively. Monolayer coverages are given are respective to the density of Ti atoms on 

the surface, and for this it is assumed that all impurity atoms reside on the surface layer 

rather than in the subsurface. 

In situ gold deposition in the VT-STM was carried out at room temperature using 99.9% pure 

gold from Advent RM in a compact vapour source made by Taylor and Nicklin. Ex situ 

deposition in the LT-STM was also performed at room temperature using the same Advent 

RM gold, in a home-made PVD doser. The deposition rate of gold was calibrated using 

direct STM measurements of deposition onto rutile TiO2(110). The purity was checked using 

XPS in the LT-STM system, and AES in the VT-STM system, at higher dosages than those 

investigated in this body of work, in order to be above the detection limit for both 

spectroscopic techniques. The gold coverage is defined as a fraction of the coverage of gold 

atoms on the Au(111) surface, with an ML defined as 1.4 x 10
15

 atoms cm
-2

 [35]. 

STM images were taken in constant current mode at room temperature on the VT-STM, and 

at 78 K for the LT-STM. Both STMs were equipped with electrochemically-etched tungsten 

tips that were conditioned by annealing in UHV to 400 K, and further tuned by applying 
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voltage pulses up to ±10 V. STS spectra were taken at 78 K on the LT-STM, at single points 

or in arrays of individual points, and the curves were averaged over multiple measurements 

to improve the signal-to-noise ratio. Measurements were taken using various STM tips in 

order to remove the influence of any tip-induced band-bending (TIBB) effects on the spectra. 

No such effects were observed, and LDOS spectra comparable to literature data were taken 

in order to provide reference spectra. The h2/h4 values were recorded directly using a lock-

in amplifier with a modulation frequency of 573 Hz applied to the bias. To record the values, 

the constant current feedback loop was paused so that the sample voltage could by ramped 

through a set range while monitoring the tunnelling current. 

4.3 Results and Discussion 

4.3.1 Clean Anatase (101) Surface 

The anatase (101) surface displayed wide, clean terraces when prepared, with a high 

density of band-bent regions that resemble those described in [26], linked to extrinsic 

impurities or subsurface oxygen vacancies, VO,S. The surface was imaged at room 

temperature and at 78 K in different UHV systems, and typical images are shown in Figure 

4.1(a) and (b) respectively. A model of the surface is shown in (c). Aside from the artefacts 

described below, the surface is pristine, consisting of bright ovals that represent surface Ti5c-

O2c dimers, as determined in [25] and as depicted in Figure 4.1(d). 

Seen in Figure 4.1(b), there are two distinct features observed on the clean surface using 

the LT-STM at 78 K. One is raised ‘hills’, or bright regions superimposed onto the array of 

dimers over several lattice parameters, representing a subsurface impurity as discussed in 

depth below. The second feature consists of atomic scale dark features surrounded by a 

brighter ‘halo’ as shown in the magnified inset of Figure 4.1(b), which are identified to be 

interstitial or bridging O2 molecules, (O2)O, as described in [36]. Images obtained using the 

VT-STM were rarely able to resolve these two distinct features, which is likely accounted for 

by the increase in thermally induced noise when imaging using the VT-STM at 300 K.  

As can also be seen in Figure 4.1(b), there are often ‘dips’ of darker regions overlaying the 

array of dimers, in a similar fashion to the band bending effect of the subsurface impurity 

features and often appearing in close proximity to these brighter regions. It may be that this 

feature is another type of subsurface defect; both light and dark regions extend over several 

surface unit cells and have a similar ellipsoidal shape. It is also possible that the darker 

regions are chains or clusters of (O2)O molecules on the surface, as they bear some 

resemblance to those assigned in [36]. There is also a low density of unidentified atomic or  
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Figure 4.1: STM images of the clean anatase (101) surface taken at (a) room temperature using the 

VT-STM,  with one of the brighter ‘hill’ features highlighted by a white circle, and a step edge at the 

top of the frame decorated with adsorbates, indicated by blue arrows (25 x 25 nm2, VS = +1.4 V, It = 

0.2 nA). (b) is taken at 78 K using the LT-STM, with hills visible, a darker region located by the arrow, 

and a 4.5 x 4.5 nm2 inset emphasising the (O2)O feature (15 x 15 nm2, VS = +1.2 V, It = 0.2 nA). Ball 

and stick models of the surface are shown from (c) a perspective view, and (d) a plan view with 

superposed circles to represent the bright O2c-Ti5c dimer features resolved by STM. Ti atoms are blue, 

and O atoms are red.  

molecular adsorbates that are sometimes observed on the terraces, appearing as bright 

protrusions. These adsorbates are more commonly seen on the reactive step edges [33], 

which can be observed at the step imaged in Figure 4.1(a), highlighted by the blue arrows. 

The focus of this work is on subsurface impurities and how any associated polarons 

influence the reactivity of the anatase (101) surface, extending this by studying the 

nucleation of single gold atoms. Consequently, the (O2)O species will not be investigated 

further, although the electronic states of the darker regions will be investigated in contrast to 

the VO,S sites.  

When considering the nature of the subsurface impurities in anatase (101), it is useful to 

note that anatase is an n-type semiconductor; when the impurities appear bright under 

empty state (positive sample bias) imaging in STM, this suggests the presence of donors. 

The band bending effect is similar to STM investigations of charged dopants in Si and other 

semiconductors seen in the literature [37]. The large spatial extent of the effect is due to  
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Figure 4.2: Schematic modelling how the donor potential and lattice potential, displayed separately on 

the left-hand side, combine when superimposed, to create the band-bent shallow donor state on the 

top right. The resulting STM tunnelling current signal is charted in the bottom right, taken as the tip 

traverses the dotted blue across the profile of the shallow donor level at positive sample bias. 

Displays the electron wavefunction spread out over multiple unit cells. Adapted from [33]. 

partially screened Coulomb potentials arising around positively charged impurities in the 

subsurface. This causes a local downward band bending that results in an increased density 

of empty states near the Fermi level, thereby manifesting as a protrusion under empty states 

imaging. This process is explained using a schematic diagram in Figure 4.2. 

Therefore, the brighter artefacts may arise from trace extrinsic dopant atoms present in 

natural crystals. Alternatively, they could also be subsurface oxygen vacancies, VO,S’s: 

intrinsic defects which have not previously been linked to these artefacts, but also act as 

donors according to DFT calculations [29]. Similarly, the darker band-bent regions suggest 

that, if these regions are due to a subsurface defect, they would be negatively charged 

acceptors, likely an extrinsic dopant. It must be noted that the appearance of features as 

‘light’ or ‘dark’ are relative when assessing STM images and are a product of the contrast 

between different tunnelling current signals received. However, as described below, the 

observed bright and dark regions are considered to be different species as they exhibit 

different STS spectra.  

Neither the bright regions nor the dark regions migrate, suggesting that, at 78 K and at room 

temperature, the electrons are stabilised at the subsurface impurity. This implies that they 

are either polarons or localised electronic charges. To attempt to chemically assign the 

subsurface impurities, the impurities observed under XPS in this work, shown and labelled in 

Figure 4.3(b), can be compared with impurities recorded in anatase (101) samples in the 

literature, that manifest similar band-bent features under STM, such as in [25, 33, 36]. Upon 

investigation, there are no shared extrinsic impurities identified despite similar ‘hill’ features 

appearing in STM images of a variety of anatase (101) samples. 
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Figure 4.3: XPS scans of the anatase (101) surface, showing (a) the O 1s peak, (b) the impurity 

region, and (c) the Ti 2p doublet. This demonstrates an impurity level of 0.05 ML 

The above reasoning points towards a tentative assignment of the brighter features to be 

VO,S’s. The brighter regions do not go away with repeated sputter and anneal cleaning 

cycles, implying they are in fact intrinsic dopants and further corroborating the species to be 

a VO,S [37]. Although there are some minor variations in the appearance of the brighter 

regions seen under STM, there are no distinct features that relate to different clusters of 

subsurface oxygen vacancies as reported in the literature [26]. The hill features were imaged 

at different distances and sample biases by varying the tunnelling current and the bias 

voltage, with no change in appearance other than the apparent height and size of the band-

bent regions.  

As discussed below, all bright regions and all dark regions have a particular DOS signal 

observed using STS, which although limited to the energy range of the band gap, is further 

suggestive that the bright hills are all one type of subsurface species whilst the darker 

regions are another type of species. As the images recorded at room temperature (300 K) 

have a resolution limit that allows the brighter regions to be imaged but does not allow the 
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distinction of other features such as the darker regions or the (O2)O, all brighter corrugations 

over multiple unit cells seen using the VT-STM are assigned VO,S from here onwards.  

Any variations in the ‘hills’ observed in this body of work are minor, and attributed to visual 

artefacts arising from local contrast definition in the STM imaging. Thus, the brighter regions 

seen are tentatively assigned as oxygen vacancies residing in the subsurface. Further, 

clusters of subsurface vacancies were only observed in the literature after a high density of 

surface oxygen vacancies were migrated into the bulk of the crystal via annealing, which is 

not the case in this work, indicating that vacancy clusters may be rare or non-existent in the 

as-prepared subsurface region. We note that the literature images of oxygen vacancy 

clusters [26] were taken at a temperature of 6 K, as opposed to the 78 K temperatures used 

throughout this work, which could explain discrepancies in imaging. However, other features 

on the (101) surface appear identical between the two temperatures, so it is probable that 

the different imaging temperatures are directly comparable.  

As suggested in [33] for Nb-doped anatase, a charged oxygen vacancy in the subsurface is 

likely to create a small region of structural flexibility in the crystal lattice. This flexibility leads 

to a reduced strain energy that favours the excess electrons left by the oxygen vacancy to 

adopt a spatially extended electronic wavefunction, localised at the defect. In this model, the 

ionised vacancy site provides a quantum well with an energy level which the electron can 

occupy. The Coulomb screening described previously arises from the mobile electron 

charge centred on the positively charged oxygen vacancy. 
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Figure 4.4: STM images of VO,S sites taken at 78 K (a) demonstrating the variation in appearance of 

VO,S features across three terraces, which have been flattened and shown at high contrast to highlight 

the bright features (35 x 35 nm2, VS = +1.2 V, It = 50 pA); (b) is a high-resolution image of the site 

highlighted by the white square in (a), showing an empty states image of one site (3.5 x 3.5 nm2 , VS = 

+0.8 V, It = 20 pA). (c) Shows the line profiles taken of the length in black, along the rows in the [010] 
direction, and of the width in red, across the rows in the [101%] direction of (b), which highlight the 

anisotropic shape many of these sites exhibit. (d) Shows the filled states image of the VO,S site shown 

in (b) (3.5 x 3.5 nm2, VS = -2.8 V, It = 5 pA).  

The extended wavefunction is modulated by the periodic potential of the crystal lattice and 

results an occupied LDOS imaged using STM as shown in Figure 4.4. The appearance 

varies in both shape and size between different sites, and this variation is likely influenced 

by a number of factors including the depth of the vacancies, any neighbouring extrinsic 

dopants and the overlap of neighbouring wavefunctions. As seen in Figure 4.4, STM images 

display some density distributions that are anisotropic with a larger axis in the [010] 

direction, and others that are isotropic, with equal extension in the [010] and [101%] 

directions. Images obtained depict the length along the [010] direction to range from 20 to 

86 Å, and the width in the [101%] direction as 16 to 53 Å. This results in a ratio between the 

two directions lying between 1:1 and 3:1. This anisotropic behaviour of the electric charge 

arises from the intrinsic anisotropic behaviour of dielectric properties in TiO2 [39, 40].  
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Although the spatial distribution of the LDOS extends over several lattice parameters, a 

prerequisite of a Fröhlich, or ‘large’ polaron [31], the distinction between a true large polaron 

and a delocalised donor state is slight. Applying the theory of large polarons as coined by 

Fröhlich, the electron-phonon coupling strength, ∑, is defined as: 

α =
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In equation (6.1), æ∫ and æs are, respectively, the high frequency and static dielectric 

constants. øs is the characteristic longitudinal optical phonon frequency, and F∗ is the 

effective mass. Using values for the above obtained from [39], the optical phonon frequency 

varies according to the crystallographic axis, giving rise to a different electron-phonon 

coupling strength in the [010] and [101%] directions as ∑[sUs] = 1.3 and ∑[UsU™]	 = 3.7. This 

gives an average coupling strength of 2.5, which lies within the intermediate coupling 

regime. Within this regime, the spatial extension of a large polaron is described as:  
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where F, = F∗(1 + ¬

√
) represents the polaronic effective mass, which is another anisotropic 

value given as F,
[sUs] = 0.51 and F,

[UsU™] = 5.42. Using these values in equation (6.2) results 

in a length along the [010] direction as 19.0 Å and a width in the [101%] direction as 3.5 Å. 

This does not agree with the values observed experimentally, which suggests that the LDOS 

might not be a true large polaron, but another delocalised donor state. This categorisation 

aligns with the immobility of these features; true large polarons would be expected to move 

through the crystal lattice. It may also be that the spatial distribution of LDOS would appear 

differently at lower temperatures, or that there are multiple polarons that are convoluted into 

the appearance of one spatially averaged density in the experimental data.  

Setvin et al. applied the theory of large polarons, in the same way as above, to bright 

features that have a similar appearance to the VO,S sites studied in this work, but were 

attributed to Nb doping in the (101) subsurface [33]. They found a greater agreement 

between the theory and their images, and therefore labelled these features as large 

polarons, despite their immobility within the crystal lattice. This data used STM images taken 

at 6 K, but the differences in size and shape nevertheless seem to indicate that the species 

in this work differ from those in Setvin’s work.  
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Figure 4.5: STM images taken consecutively of the same 14 x 14 nm2 area of the (101) surface at 78 

K (a) before (VS = +1.0 V, It = 30 pA), (b) during (VS = +5.2 V, It = 100 pA), and (c) after (VS = +1.0 V, 

It = 100 pA) a high positive sample bias scan of the surface at +5.2 V. The high bias causes species 

to appear on the surface, and their positions are marked by green arrows. 

To investigate the subsurface oxygen vacancies in more detail, the clean (101) surface was 

scanned at high positive sample bias as shown in Figure 4.5. This example displays three 

consecutive images of the same area of the surface before, during and after a scan of +5.2 

V sample bias. As reported in the literature [26], a high bias scan results in the appearance 

of species on the surface, denoted by green arrows in the figure. These species are visually 

similar to surface oxygen vacancies produced by electron bombardment of the surface [28]. 

During the high bias scan, several horizontal lines can be seen in Figure 4.5(b), which have 

also been seen in the literature. These lines are typically indicative of tip-surface interactions 

resulting in structural change, such as the migration of subsurface oxygen vacancies to the 

surface.  

If we consider these surface oxygen vacancies as migrating from the brighter subsurface 

regions, it might be expected that some change in the appearance of the proposed VO,S 

sites. Most of the regions remain unchanged visually, although some of the brighter patches 

have disappeared after the high bias scan, such as the region in the bottom right of Figure 

4.5(a) that no longer appears in (c). This provides evidence that this particular VO,S site may 

have provided vacancies to migrate from the bulk to the surface and therefore have been 

depleted. The majority of sites that do not change could in fact be clusters of subsurface 

oxygen vacancies that appear as one bright region in STM images at 78 K, and therefore 

are not depleted even if they donate one of their vacancy sites to the surface. All darker 

band-bent regions present on the surface do not seem to alter after high positive bias scans, 

and neither do (O2)O species. 

Only high positive bias scans have been reported to migrate subsurface oxygen vacancies 

to the surface in the literature. In this work, however, high negative bias scans were also  
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Figure 4.6: STM images showing the same 14 x 16 nm2 area of the (101) surface at 78 K (a) before 

(VS = +1.0 V, It = 30 pA), (b) during (VS = -3.0 V, It = 30 pA), and (c) after (VS = +1.0 V, It = 30 pA) a 

high negative sample bias scan of the surface at -3.0 V. The high bias causes species to appear on 

the surface, and their positions are marked by green arrows. There is also a small change in the 

resolution of the tip in (c), manifesting as a horizontal line across the image. 

shown to result in the appearance of species on the surface, as evidenced in Figure 4.6. 

Once again, the same area of the surface is imaged before, during and after a high negative 

sample bias scan, at -3.2 V this time, and the new species are highlighted by green arrows. 

Similar to what is observed in Figure 4.5(c), some of the newly formed species resemble 

surface oxygen vacancies. We note, however, that performing the large negative bias scans 

resulted in tip instability and changes in resolution, which could interfere when assigning 

species.  

The mechanism through which high positive bias scans migrate subsurface oxygen 

vacancies to the surface has been explained in terms of polarity, wherein the negatively 

biased tip effectively repels surface oxygen anions into subsurface vacancies, which are 

then forced to the surface. It would appear that this hypothesis no longer describes the 

mechanism thoroughly, as a positively charged tip is also able to create oxygen vacancies 
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on the (101) surface, which should, by the same logic, attract oxygen anions. It could be the 

case that the negative bias scan desorbs O2c atoms on the surface to form vacancies; the 

threshold for this has been reported to be in the tens of eV range, although the presence of 

intrinsic vacancies in the lattice, as well as extrinsic impurities, might alter this significantly 

[41, 27]. Alternatively, it may be that the polarity is not significant, but that solely the 

application of an electric field, such as the local field produced by the STM tip at positive or 

negative bias, facilitates the motility of the subsurface oxygen vacancies.  

The electronic state of the VO,S’s has been explored using STS to understand the 

topographical location of charge density distribution. To achieve the high stability necessary 

for spatially resolved STS, the STM was left scanning for a long period of time (typically one 

to three hours) at 78 K with no drift in the image, whilst achieving atomic resolution 

reproducibly. The clean surface has a very small LDOS at filled states (negative sample 

bias), as has previously been recorded in the literature [33]. This is not the case when 

spectra are recorded in the vicinity of the subsurface vacancy features. The conduction band 

minimum can be seen just above the Fermi level, which is as suspected from published data 

for STS and photoemission spectra for reduced TiO2 [33]. When no band gap states are 

present, the band gap can appear larger than the expected 3.2 eV due to tip-induced band 

bending effects effectively causing the valence band edge to drift in reaction to the tip. In the 

presence of band gap states, however, the band edge is ‘pinned’ and the true 3.2 eV as 

seen in Figure 4.6(b) and other spectra in this chapter. 

Contrasted to the unpopulated defect-free surface, in Figure 4.7(b) a novel electronic state 

can be observed in the band gap at -2.2 eV, with another potential peak at -2.6 eV. As 

depicted in Figure 4.7, using arrays of point spectroscopy measurements taken in a line 

across the bright region reveals a spatial distribution of the DOS signal that is delocalised 

over several unit cells. The electronic state is distributed with a similar anisotropic shape as 

the visual appearance of the charge distribution, with a maximum at the centre of the hill. 

The larger a brighter region appears visually also corresponds to a larger extent of the DOS 

signal measured. There does not appear to be any electronic modelling in the literature that 

provides a projected DOS for the (101) surface, with solely a VO,S defect, to corroborate this 

data, despite calculations carried out for subsurface nitrogen and niobium dopants, as well 

as gold atoms nucleated above VO,S. It is postulated that this band gap state arises from the 

excess electrons left from the vacancy of a subsurface oxygen ion, that are weakly coupled 

to the structural defect left by the vacancy. The existence of electronic states in the band 

gap is important for reactions on the surface, as band gap states can mediate electron  
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Figure 4.7: (a) STM image showing a VO,S site with an overlaid gradient map graphically displaying 

the extent of the DOS signal seen at -2.2 eV, in the band gap of anatase (101) (5 x 5 nm2, 78 K, VS = 

+1.0 V, It = 30 pA). (b) STS spectra relating to the same coloured crosses in (a), showing the 

maximum in intensity at the centre of the site and an attenuation towards the edge of the sites. The 

low DOS of the clean surface is contrasted in green. 

transfer between the crystal and adsorbed molecules used in (photo)catalysis or nucleation 

reactions. 

Band gap states such as the one observed effectively reduce the photon energy needed to 

excite electrons from the valence band to the conduction band by providing an intermediary 

state. This means that, with an effective reduction in the band gap of ~1 eV, surface 

electrons can be excited by photons of ~2.2 eV and higher energy, causing the sample to be 

sensitised and have enhanced optical absorption for visible light from green light to higher 

energy radiation. Furthermore, as the defect state is located in the subsurface, it cannot be 

easily quenched in the way that a surface oxygen vacancy can be (by molecules impinging 

on the surface), which would further increase the photocatalytic activity of the surface.  

Another increased DOS can be seen localised at the darker band-bent regions, at the 

deeper of the two electron density peaks of the signature associated with the brighter region, 

located at -2.6 eV as shown in Figure 4.8(b). The spatial extent of this electron density is 

spread over multiple surface unit cells, similar to the VO,S sites. The DOS spatial distribution 

here is also anisotropic, suggesting a similar behaviour to the VO,S electronic charge, shown 

in Figure 4.8. The dark feature appears to reduce the band gap to a smaller degree than the 

VO,S species, potentially causing the surface to be sensitised to visible light, but to a more 

limited range of colours, starting at blue light and inclusive of photons with higher energies 

than ~2.6 eV. However, it should also be noted that the conduction band minimum is located 

at around +0.6 eV above the Fermi level, which means that a DOS at -2.6 eV would create a 

band gap of 3.2 eV, which is expected for the stoichiometric material. Therefore, it may  
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Figure 4.8: (a) STM image showing a dark region with an overlaid gradient map graphically displaying 

the extent of the DOS signal seen at -2.6 eV, in the band gap of anatase (101) (5 x 5 nm2, 78 K, VS = 

+1.0 V, It = 100 pA). (b) STS spectra relating to the same coloured crosses in (a), showing the 

maximum in intensity at the centre of the site and an attenuation towards the edge of the sites. The 

low DOS of the clean surface is contrasted in blue. 

simply be the case that the dark feature increases the intensity of the states at the very edge 

of the valence band maximum, rather than forming a novel band gap state. 

4.3.2 Gold Single Atom Nucleation 

Single atoms of gold were able to be imaged by employing very low deposition coverages, 

ranging from 0.001 to 0.015 ML. A typical coverage is shown in Figure 4.9(a). These low 

coverages were used because gold clusters preferentially form over monomers, and it has 

been reported that when a second metal atom is adsorbed onto a (101) terrace, the 

formation of a dimer species is always preferred over the adsorption of separate monomers 

[28]. The authors used STM and DFT to assign gold monomers as having an apparent 

height of 3.2 – 4 Å after PVD at room temperature; the same deposition method used in the 

work presented here.   

To accurately monitor the nucleation behaviour of gold, an in situ deposition method was 

used in conjunction with STM imaging. This enables an area of interest to be imaged at 

atomic resolution before dosing gold, and immediately after the adsorption of gold the exact 

area can be imaged again, giving a ‘before and after’ image of the surface as demonstrated 

in Figure 4.11(a) and (b). In conjunction with ex situ AES to ensure the purity of the 

deposited gold, in situ dosing provides certainty that the features observed with STM are 

gold.  
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A series of in situ images were collected, and the heights of different gold species were 

recorded to produce height histograms such as the one shown in Figure 4.9(c). Gaussian 

curves are fitted to these distributions, and the distinct peaks that arise from these 

distributions relate to different gold species on the surface. Despite the methodological 

similarities to the literature [28], we find that a monomer actually has a height between 0.4 – 

1.2 Å, and is more common than expected, with monomers appearing on terrace sites just 

as commonly as dimer species, and more frequently at low coverages. This value compares 

well with measurements of single gold atoms on the oxidised rutile TiO2 (110) surface as 

around 1.2 Å [20, 21]. Although this data goes against DFT calculations highlighting the 

prevalence of dimer species, it should be noted that these calculations took into account 

only the stoichiometric anatase TiO2(101) surface, and not the stronger adsorption that is 

expected when atoms are adsorbed above VO,S, as discussed in [29]. Through this survey of 

gold species, dimers are determined to have heights ranging from 1.2 – 2.8 Å, and trimer 

  

Figure 4.9: (a) Empty states STM image showing the typical gold coverage used in order to isolate 

single gold atoms on the anatase TiO2(101) surface (5 x 5 nm2, 78 K, VS = +1.5 V, It = 5 pA). (b) 

different profiles of gold monomer (green), dimer (black) and trimer (red) species as depicted in (a). 

(c) shows a height distribution taken from a typical image used in this work, with a majority of 

monomer species, shown by the Gaussian peak fitted to the histogram.  
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Figure 4.10: 3 x 3 nm2 STM images taken at 78 K showing the appearance of (a) a gold dimer, (b) a 

gold trimer, and (c) a tetramer or larger clusters on the stoichiometric (101) surface. The blue 

colouring is used to provide contrast and display the morphology at greater heights. 

species from 2.8 – 4.0 Å. There are some larger species observed on the atomic terraces, 

but they are seen rarely. Dimers, trimers and larger species as imaged using STM are 

shown in Figure 4.10 for reference.  

As can be seen from the line profiles in Figure 4.9, it is also possible to determine the width 

of the gold species and sort them into size categories as has been done for the heights. 

However, when using STM measurements to quantitatively assess the widths of spherical 

species such as gold, it is essential to note that the shape of the STM tip itself plays a key 

role in the apparent width measured. This is because the tip apex is of a similar size to the 

gold atoms, leading to tip-convolution that manifests as a broadening of the gold species 

apparent shape. Therefore, the lateral sizes of gold species will be assessed on a qualitative 

basis, whereas the heights can be used for quantitative distinctions such as the assignment 

of gold clusters and atoms, as discussed in the literature [41, 20].   

After defining the gold species as above, in situ dosing is used to determine exact nucleation 

locations of different species in relation to features on the (101) surface, as demonstrated in 

Figure 4.11(c) and (d). Assessing a series of ‘before and after’ images allows the dynamics 

of the VO,S bright regions to be further understood. Through this, it is observed that the bright 

regions do not appear to change in appearance upon the adsorption of gold species. This 

implies that the ex situ dosage results, recorded using the LT-STM at 78 K, can also be used 

to effectively monitor the nucleation behaviour of gold species with respect to the subsurface 

defects. However, it should be noted that the gold species obscure the exact nature of the 

surface site below, which means that features such as the (O2)O atoms and the darker 

regions representing subsurface acceptor impurities cannot necessarily be distinguished. 

Despite this, it is possible to assign VO,S based on the magnitude of the spatial extent of the  
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Figure 4.11: ‘Before and after’ STM images of the anatase (101) surface showing (a) the clean 

surface, with subsurface features and dimer rows before gold deposition (30 x 30 nm2, 300 K, VS = 

+1.8 V, It = 300 pA); and (b) the exact same location on the surface after the in situ deposition of gold 

(30 x 30 nm2, 300 K, VS = +2.0 V, It = 100 pA). (c) Shows the same area as (a), with an overlaid map 

of the brighter VO,S sites in white. (d) Shows a further map of gold atoms in black overlaid onto (b), 

which can then be compared to the VO,S sites, shown in green, to highlight gold nucleation in relation 

to the subsurface defects. There are several instances where gold atoms seem to align at the edges 

of the VO,S sites.  

brighter regions as described above (20 - 86 Å along the [010] direction, and 16 - 53 Å in the 

[101%] direction); other substrate features have a much smaller spatial localisation.  

Mapping the VO,S’s to the position of gold atoms highlights a clear preferential nucleation of 

both monomers and dimers to these bright regions. As well as qualitative observations of the 

data, the extent of the preferential nucleation can be assessed by calculating the number 

density of gold atoms located on VO,S sites. The number density of gold atoms on VO,S can 

then be compared to the number density of gold atoms nucleated on a bare terrace with no 

subsurface feature. If the ratio of on:off is equal to unity, this indicates that there is no 

preferential nucleation towards VO,S, and if the value is greater than one, this quantitatively 

indicates a preferential nucleation towards VO,S. If the value is less than one, this indicates a 

preferential nucleation away from VO,S sites. For this analysis, only terrace sites were  
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Figure 4.12 Graph showing how the ratio of on:off evolves as the coverage of gold changes 

assessed, as step sites are another preferential nucleation site that may skew the data if 

included in the calculations [28]. Calculating the on:off ratio gives an average value of 4.0 ± 

0.3, indicating a strong preference for gold species to nucleate on the VO,S sites, at four times 

as likely to attract Au1 species than the bare (101) surface. 

The evolution of the on:off ratio is charted as the gold coverage changes, as shown in Figure 

4.12. This highlights that there is a higher chance of preferential nucleation to VO,S sites at 

lower coverages, tending towards unity as the coverage increases. This is expected as VO,S 

nucleation sites will become saturated at higher coverages. There seems to be a further 

preference towards the edge of the charge distribution, as seen in Figure 4.11(d). In fact, it 

can be seen that of the gold species nucleated on VO,S sites, 86% are nucleated at the edge 

of the charge densities.  

The preferential nucleation of Au1 species is further quantified by testing the spatial 

distribution for randomness. Considering the two-dimensional configuration of gold species 

as a spatial Poisson process, a random distribution of gold species should have the 

properties of a uniform Poisson point process, wherein the points are stochastically 

independent of each other and are also distributed uniformly over the region of observation 

[43]. This is otherwise known as a complete spatial randomness (CSR) distribution, and the 

simplest way to test against the CSR is to partition the image frame into subsections 

(quadrats). Each quadrat count can then be tested as a random, independent sample taken 

from the CSR distribution [44]. Thus, the observed data can be submitted to a Pearson ƒI 

goodness-of-fit test, to compare the observed and expected (CSR) arrangement of particles, 

as a measure of how ‘random’ the distribution is. As step edges are known nucleation points 



Chapter 4: Gold Atoms on Anatase Results and Discussion 

102 

for gold atoms on the (101) surface [28], only terrace regions are considered for this 

investigation. The ƒI test-statistic is defined as: 

ƒ2 =Y
(≈+ − &+)I

&+

/

+∆U

, (6. 3) 

wherein m denotes the number of quadrats that the scan is split into, ≈+	is the observed 

value in a given quadrat, and &+ is the expected value, taken as the total number of 

observed particles divided by m (because the random distribution is taken to be uniform). 

The ƒI value is then used to calculate a probability, p, which shows how likely the observed 

distribution is to match up to the CSR distribution. The quadrat technique is preferable for 

clustered patterns similar to those observed with gold species.  

Using the CSR approach, the ƒI values are known to be asymptotically distributed with m-1 

degrees of freedom. The data within this work gives an average ƒI value of 32.9, equating to 

a p value of 0.0625. This shows that the observed distribution of Au is not random, but 

follows some level of order, with the observed distribution being only 6.25% similar to a 

random, CSR, distribution of particles. This represents a confidence interval well below 10% 

and strongly indicates that the distribution of gold is not random, and does indeed 

preferentially nucleate towards certain points. 

We note that only images with over a hundred gold particles can be considered statistically 

significant to interrogate using this methodology; using the low coverages in this work, it was   

 

Figure 4.13: STM images taken at 78 K with Ti5c (blue) and O2c (red) atoms superimposed to 

demonstrate the atomic lcation of Au1 species nucleated at (a) a VO,S site (5 x 5 nm2, VS = +1.2 V, It = 

50 pA)and (b) near a darker region (5 x 5 nm2, VS = +1.0 V, It = 50 pA). The black ellipses denote the 

gold species, and the central point of this is shown by a black dot, to help pinpoint the nucleation 

point.  
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no simple task finding terraces large enough. It would be beneficial to consider more sample 

sets in future work on this system to further corroborate these findings. 

At temperatures of 78 K using the LT-STM, it was possible to obtain high resolution images 

clearly resolving the Ti5c-O2c dimers at the same time as gold atoms. Figure 4.13(a) shows a 

gold monomer nucleated at the edge of a subsurface oxygen vacancy; a map of the atomic 

sites on the surface can then be created to pinpoint the location of the gold monomer. On 

the basis of DFT calculations in [29], gold atoms should adsorb atop surface Ti5c atoms. 

Because Ti5c-O2c dimers are imaged rather than individual Ti and O atoms, it is difficult to 

achieve an atomically precise localisation of the gold. Despite this, it does appear as though 

the central spot of the gold monomer aligns with the theoretical predictions when at a VO,S 

site, with Figure 4.13(a) showing this sitting above the blue Ti5c atom. The nucleation point of 

gold monomers on the stoichiometric terrace is also in agreement with DFT calculations, 

atop the Ti5c surface atom as well, as seen in Figure 4.14. Au1 species nucleated in the 

presence of the darker band-bent regions appear to be nucleated above the O2c surface 

atom, or slightly offset to coincide with the Ti6c atom that is located adjacent to the O2c, 

displayed in Figure 4.13(b). The apparent shape of the Au1 species also seem to vary 

according to their nucleation point, with the monomer appearing in a star shape on the 

stoichiometric surface, similar to when it is nucleated near the darker region. When 

nucleated at a VO,S site, the gold morphology seems more elongated, with a shape 

reminiscent of the body and flared tail of a fish. This may be indicative of different bonding 

geometries to the (101) atoms.  

It has previously been shown that it is possible to manipulate gold monomers on the rutile 

TiO2 (110) surface using voltage pulses between the STM tip and sample surface [21]. This 

was done in order to ascertain the nucleation of gold atoms on oxygen vacancy sites, and 

the threshold to achieve manipulation at 78 K was a pulse of -2 V for a period of 100 ms. In 

order to further investigate the nucleation of gold atoms on the anatase (101) sample in this 

work, 100 ms pulses of -2 V and +2 V were attempted in a similar fashion. This did not result 

in any movement when the gold was nucleated on VO,S sites. However, when gold atoms 

were nucleated on the bare terrace and not on a VO,S site, they were able to be dislodged by 

-2 V as shown in Figure 4.14. This indicates that there is a stronger adsorption energy above 

the subsurface vacancies. On the bare terrace, the monomer hops from the same surface 

site taken to be Ti5c, to another Ti5c set one unit cell along in the [010] direction. It should 

also be noted that at 300 K, the increased thermal energy appears to have reduced the 

energetic barrier for manipulation considerably, as swathes of gold species were desorbed 

or ‘scanned away’ simply by imaging the surface at a sample bias of +1.2 V and a tunnelling 
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Figure 4.14: At the top, STM images of Au1 at 78 K on the (101) surface, hopping from one site to 

another (a) before a voltage pulse, and (b) after a -2 V, 100 ms pulse (both 5 x 5 nm2, VS = +1.0 V, It = 

100 pA).  The bottom set shows STM images of various sizes of gold species at room temperature, 

on (c) a terrace with gold circled in black, and (d) the next frame (around 200 s apart) of the same 

area, with now missing gold species indicated by white circles (both 30 x 30 nm2, 300 K, VS = +1.2 V, 

It = 100 pA).  

current of 100 pA. This is illustrated in Figure 4.14(c), but did not occur at smaller tunnelling 

currents, and never occurred at 78 K despite greater tunnelling currents and sample biases 

being applied during scanning 

There are also some instances of gold atoms that nucleate within the vicinity of the darker 

band-bent regions, although there is not as pronounced a preference as exists towards the 

VO,S regions. In this case, there is a slight change in the atomic placement of the monomer, 

shown in Figure 4.13(b). Again, it is difficult to accurately locate the nucleation down to 

atomic precision, but it looks as though the monomers are located above the Ti6c surface 

atom; due to their proximity, although this could also be the O2c site.  
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4.3.3 Electronic Structure of Gold on Anatase (101)  

STS was performed on gold atoms nucleated on the (101) surface in order to better 

understand the local electronic structure, with a particular focus on changes to the band gap 

and states that may exist within it. Following sample preparation and gold dosing, the as-

prepared gold-loaded (101) surface was transferred to the STM chamber, and images and at 

-2.2 eV for the gold atom. When comparing this to the DOS for atoms nucleated at the VO,S 

sites, the subsurface defect state is seen to induce a much more intense electronic signal on 

the Au1, as highlighted in Figure 4.15(b). There is a significant shift in the intensity of the 

signal seen at -2.2 eV. This may indicate that there is a transfer of charge when the gold is

 

Figure 4.15: STM images of gold monomers on (a) the stoichiometric (101) surface (5 x 5 nm2, VS = 

+1.0 V, It = 100 pA) and (b) nucleated on a VO,S site (10 x 10 nm2, VS = +1.7 V, It = 30 pA). Black X’s 

mark the locations of the corresponding point STS measurements which are displayed below their 

respective images. (c) shows a small DOS at -2.2 eV. (d) shows a larger signal at -2.2 eV. The Fermi 

level is located at 0 eV on all STS. The DOS of the clean surface is shown in black for contrast.  
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nucleated at VO,S site as predicted by DFT calculations in [29], which would create an 

anionic gold species on the surface. It is also likely that the band gap state signal appears 

stronger relative to the non-gold loaded VO,S because the adsorption of the gold results 

induces a redistribution of the VO,S-associated excess electrons towards the surface. Similar 

effects have been seen upon the addition of other adsorbates on the (101) surface in the 

literature, and are proposed to occur through the mechanism of interstitial Ti ion migration 

[44]. There is also an increased density of states observed experimentally near the onset of 

the conduction band in the Au1 nucleated on the stoichiometric surface, with peaks at +0.4, 

+0.9 and +1.4 V. Calculations in [29] predict a neutral gold atom when it is adsorbed on the 

stoichiometric surface, and this work also suggests that bonding occurs due to polarisation 

effects, Van der Waals forces and orbital mixing with Ti and O surface states.  

Comparing the projected DOS calculated in [29] with the spectra recorded on Au1, there is 

some agreement between the calculated values and those observed experimentally. For the 

stochiometric surface, a peak is predicted at -2.2 eV, as originating from oxygen states. 

There are further peaks expected in the band gap originating from the gold itself, but these 

peaks have a much smaller magnitude and have not been observed here using STS. It 

should be noted that a range of setpoints were used to measure STS, from +1.0 V to +1.7 V 

sample bias. Nonetheless, this bias range is limited and does not incorporate negative 

sample biases, which should be explored further in future work. The projected DOS as 

compared to the experimentally observed data is displayed graphically in Figure 4.16(a). 

 

Figure 4.16: Projected DOS for Au1 nucleated (a) on the stoichiometric (101) surface, compared to 

the observed values, which are depicted by the blue shaded areas on the graph. (b) shows the 

projected DOS for Au1 nucleated at a VO,S site, with the values observed by STS shown in green. The 

onset of the conduction band as seen by STS is also shaded in for reference, and the projected DOS 

are taken from [29]. 
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Similarly, when the gold is located above a subsurface vacancy, there is a projected peak at 

-2.2 eV in both the oxygen states and gold states, and further gold states within the band 

gap that are not resolved in this work due to their low intensities. However, the convergence 

of values between theoretical predictions and experimental data further corroborates the 

existence of an enhanced adsorption energy for gold atoms at VO,S sites, accompanied by 

charge donation from the vacancy site to the gold species. Looking at the states near to the 

conduction band that are observed for the gold on the stoichiometric surface, there is also 

agreement between the calculated densities of states originating from the Ti atoms, which 

was not predicted in calculations. There is a lack of agreement for the gold nucleated at the 

VO,S site, which showed no peaks in STS, but was predicted to display an additional peak in 

the Ti density of states at +1.0 V. The experimental STS data as compared to the projected 

DOS values are shown in Figure 4.16(b). 

The electronic signatures of Au1 were also recorded at other nucleation sites, as illustrated in 

Figure 4.17. Although there were no further distinctive peaks or characteristic DOS such as 

those atoms nucleated at VO,S sites, some of the other nucleation sites appear to result in a  

 

Figure 4.17: STS spectra of Au1 nucleated (a) on a step edge, showing an increase in the signal 

around -2.2 eV, (b) on an (O2)O showing no DOS, and (c) near a dark region showing an increase in 

the signal at -2.2 eV. (25 x 25 nm2, VS = +1.7 V, It = 50 pA) 
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band gap state. This is displayed as an increase in the population of states towards the edge 

of the valence band, at ~-2.2 eV and can be seen when the gold atom is nucleated on a step 

edge, which are known to carry excess charge on the (101) surface [30]. A similar increase 

in DOS is also seen on the rare occasion when the monomers were able to be imaged in the 

vicinity of the darker regions, likely representing subsurface acceptor impurities as discussed 

previously, shown in Figure 4.17(b). However, when the LDOS of gold atoms were probed 

as situated near to the (O2)O species shown in Figure 4.17(c), no increase in signal was 

observed. STS measurements were taken using a variety of tungsten tips, and found to be 

reproducible with minor variations in the appearance of DOS signals. It would be of further 

interest to explore STS with other tip materials in future work, such as platinum-iridium. 

 

Figure 4.18: STM images of Au1 on (a) the stoichiometric (101) surface (3 x 3 nm2, VS = +1.0 V, It = 

50 pA) and (b) nucleated on a VO,S site (3 x 3 nm2, VS = +1.0 V, It = 100 pA). Coloured X’s mark the 

locations of the correspondingly coloured point STS measurements which are displayed below their 

respective images. (c) shows a small DOS at -2.2 eV that does not vary across the surface of the 

atom. (d) shows a larger signal at -2.2 eV that seems to peak in intensity at the edges of Au1 

nucleated at a VO,S site.  
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The LDOS of each gold atom at VO,S sites did not always display a clear signal at -2.2 eV; as 

highlighted in Figure 4.18, there appears to be variation across some atoms. On the anatase 

(101) surface presented here, a particular localisation of electronic charge can be seen to 

occur at the edges of gold atoms nucleated at VO,S sites, with an apparent increased signal 

at one edge of the Au1. A similar trend can be seen in measurements taken along different 

directions across the gold monomers, with peaks in the intensity of signals at the edges of 

the monomers of varying magnitude. A full CITS map would elucidate the LDOS signal in 

detail and give a more comprehensive view of how it varies across the atoms. Similar 

measurements have previously been recorded across individual gold atoms nucleated on 

the NiAl (110) surface, as well as across the surface of different lengths of gold atomic 

chains [44]. The origin of this effect is explained as electron density oscillations caused by a 

resonance between gold states and states of the substrate. When assessing gold atoms 

nucleated on the stoichiometric surface, there is no such variation across the topography of 

the atom, with a less intense signal at ~-2.2 eV appearing to be uniformly distributed across 

the surface, as shown in Figure 4.18(d).  

In other work, the perimeter sites of gold nanoparticles have been clearly linked to higher 

catalytic activity using both DFT calculations and experimental observations [45, 46, 47], 

which could well be aided through the existence of increased charge or DOS at the edges of 

the gold as seen on the (101) surface. However, these experiments used clusters of many 

gold atoms to produce nanoparticles rather than that the single atoms investigated within 

this work. The higher activity is attributed to lower coordinated edge sites of gold 

nanoparticles, which is not a likely explanation in this work, which uses only one atom. 

Therefore, the likely cause for this sub-atomic variation in LDOS is resonances between 

gold, titanium or oxygen electronic states, similar to that seen on the NiAl (110) surface. The 

lack of variation in the electronic density across atoms on the defect-free surface suggests 

that the orbital mixing between gold, titanium and oxygen states is different in this case, and 

therefore a resonance is not present

4.4 Conclusions and Future Work 

The adsorption of gold single atoms has been studied on the anatase TiO2 (101) model 

catalyst surface at 300 K and at 78 K, both after being deposited at room temperature. STM 

and STS were used to gain insight into the physical and electronic behaviour of the gold 

monomers. Very low -coverages of gold (0.001 – 0.015 ML) were used so as to isolate 

atoms on the terraces as opposed to larger species. In situ dosing at 300 K was employed to 
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definitively assign different gold species according to their heights, with monomers ranging 

from 0.4 – 1.2 Å high. This is in contrast to larger values reported in the literature [28]. 

The clean (101) surface was observed to have a high density of band-bent bright regions, 

which were characterised and linked to donor impurities by comparing to similar data in the 

literature. The most likely candidate for these features is determined as intrinsic subsurface 

oxygen vacancies, VO,S. Darker band-bent regions were also observed and linked to 

extrinsic dopants that are acting as electron acceptors. The subsurface region plays an 

important role in determining the chemical reactivity of the (101) surface, and therefore the 

subsurface oxygen vacancies were examined further, within the context of polarons. 

Although the features seen do exhibit some polaronic behaviour, it is noted that they do not 

seem to be true polarons, as they are immobile in the crystal lattice and exhibit a different 

shape than expected. Instead, they are more likely to be shallow delocalised donor states 

trapped at the subsurface oxygen vacancies.  

STS was used to identify a characteristic electronic state that the VO,S sites exhibit, at -2.2 

eV with respect to the Fermi level, residing within the band gap of anatase. The signal is 

seen to be spatially delocalised across the bright region, with a maximum at the visually 

brightest point of the region. A density of states in the band gap has strong implications for 

catalytic reactions and photochemistry of the surface. Similarly, the darker acceptor sites 

have an increased electronic density of states at -2.6 eV, but also delocalised spatially. 

In situ dosing was instrumental in uncovering a preferential nucleation of gold single atoms 

to the VO,S sites. Although predicted using DFT calculations [29], this preference had not 

been directly observed experimentally, and our observations coupled with the calculations 

subsequently suggest that this nucleation event leads to charge transfer from the vacancy to 

the gold, leading to anionic gold monomers on the surface. This strongly influences chemical 

reactions that are carried out using the gold-loaded (101) surface. There was a further 

tendency for gold atoms to nucleate at the edge of the brighter features rather than in the 

middle. 

Using observations and inferences made through in situ dosing experiments, ex situ dosing 

could therefore be used with greater confidence to further explore the surface at lower 

temperature after gold dosage, rather than at the same time as deposition. In addition to 

providing more evidence for the nucleation preference to VO,S sites observed at room 

temperature, a lower temperature of 78 K enabled high resolution imaging of the subsurface 

impurity and gold species. Through this, a highly precise nucleation map of gold monomers 

shows that there seems to be further alignment with calculations, wherein gold atoms 
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nucleate on top of the Ti5c surface sites when they are preferentially nucleated in the vicinity 

of VO,S sites. Although true atomic precision is difficult to achieve due to the STM contrast 

seen on the (101) surface, it appears as though the nucleation site of gold atoms on the 

stoichiometric surface aligns with the Ti5c atoms, consistent with DFT calculations.  

The nucleation sites were further probed using voltage pulses applied to the gold monomers. 

A higher energetic threshold was needed in order to migrate gold located on VO,S sites as 

opposed to those on the stoichiometric surface, which was taken to indicate a higher 

adsorption energy as expected from theoretical modelling. A lower temperature also 

facilitated the accurate use of STS to probe the LDOS of gold atoms. Comparing the LDOS 

of monomers nucleated on VO,S sites with those on the stoichiometric surface shows a strong 

electronic signal above the oxygen vacancies. This signal is located at -2.2 eV below the 

Fermi level, whereas gold nucleated on the defect-free surface had a much smaller signal at 

-2.2 eV, as well as DOS near the conduction band at +0.9 and +1.4 eV above the Fermi 

level. This aligns with some of the projected DOS values calculated using DFT in the 

literature, which again supports the presence of charge transfer to the gold species from the 

vacancy sites. Further electronic states were observed in the band gap for those atoms 

nucleated at step edges and at the darker band-bent regions, but with a weaker signal 

displaying an increase towards the valence band edge.  

The -2.2 eV DOS seen at the gold monomers is very similar to the DOS signal seen on the 

clean surface at VO,S sites, which would be interesting to explore further using DFT 

calculations. We note that the signal seen at VO,S sites rises to the valence band, although 

the signal at the gold appears to be a more defined peak, after which the signal is attenuated 

towards the valence band. 

Unexpectedly, there was a variation in the electronic density signal observed across each 

individual gold atom, with a maximum in the -2.2 eV signal appearing to be localised at the 

edges of the gold atoms nucleated on VO,S sites. This will be explored further using CITS in 

future work, so as to directly visualise and map any electronic states definitively to their 

topographic locations across the atoms. The oscillation in electron density is likely to arise 

from the resonance of gold states with titanium and oxygen surface states. CITS at 5 K 

would provide more detailed information on the LDOS as surface charges will be more 

closely localised to their sites of origin and less changeable due to thermal effects. The 

temperature-based variation of polaronic states is evidenced by bodies of work looking at 

electrons associated with surface oxygen vacancies on the rutile TiO2 (110) surface: at 78 K 

the polarons appear to be symmetrically distributed around the vacancy site as the electrons 
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hop from one site to another and the STM images a spatially averaged version of the 

arrangement, but at 7 K asymmetric distributions emerge as thermal hopping is no longer 

possible and the electrons are observed localised at their energetically preferred sites [48].  

There are many future investigations possible using this system; from a fundamental 

perspective it would be intriguing to refine the technique of manipulation of individual atoms 

using voltage pulses. Once this is reproducibly achieved, chains and other structured gold 

species can be created, in order to observe changes in the LDOS, as well as changes to the 

electronic resonances that cause variations across the gold species. This, and the data 

presented above, should be expanded upon by performing STS measurements at a larger 

range of setpoints as well as using different materials, to monitor any changes seen in the 

signals. From an applied perspective, it would be interesting to increase the complexity of 

the model system, perhaps introducing oxygen and water molecules in situ to the gold-

loaded surface; UV irradiation could also be employed in situ to monitor photodynamics 

involved with the electronic states induced in the band gap. It would be beneficial to perform 

more DFT modelling of the subsurface oxygen vacancy and donor potential, alongside STM 

image modelling, to corroborate the experimental data. 
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Benzoic Acid Adsorption and  

Photochemistry on Rutile TiO2(110) 

 

Abstract 

STM has been used to investigate the adsorption of benzoic acid on the rutile TiO2(110) 

surface. The acid binds according to a dissociative bidentate geometry, with evidence of 

surface hydroxyl groups providing stabilisation. The photodynamics of the (2 x 1) benzoate 

monolayer has been explored following irradiation with photon energies ranging from NIR 

(1.7 eV) to UVA (3.4 eV). Photoactivity was observed at all energies, likely due to benzoate-

induced band gap states. Reaction kinetics are explored, and the different photon energies 

seem to give rise to different reaction mechanisms. Although these mechanisms are not 

evaluated here, it is concluded that the benzoate molecules undergo photooxidation, and 

that intermolecular forces play an important role in the dynamics of the surface.   
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5.1 Motivation 

Titanium dioxide is a versatile material with many proven applications, including 

heterogeneous catalysis, gas sensing and memristive systems [1, 2, 3]. The oxide is known 

to contribute effectively towards a variety of photocatalytic reactions, although the 

fundamental mechanisms underpinning these are often not fully understood. Following 

seminal work by Fujishima and Honda in 1972 [4], there has been a wealth of studies 

investigating TiO2 materials and their roles as oxide supports in photocatalytic applications 

[5]. 

Due to their complexity, when attempting to decipher the fundamental mechanisms 

underpinning the photoreactions it is of particular interest to simplify the system. One such 

approach used in surface science is to investigate single crystals under UHV conditions. 

These are treated as models of the polycrystalline, bulk catalysts that are used at high 

temperatures and pressures in industrial applications, under varying chemical environments. 

A number of reviews focus on model TiO2 photocatalysts [6, 7, 8], but despite the breadth 

and importance of work evidenced in the literature, the mechanistic pathways involved with 

photochemistry are not reliably understood.  

Of all of the polymorphs of TiO2, the rutile (110) surface is the most thermodynamically 

stable. Due to the extensive experimental and theoretical studies that have been carried out 

on it [1, 5], it is considered the prototypical metal oxide surface. As a result of this, the rutile 

TiO2(110)(1 x 1) defect structure is fairly well understood, as is the adsorption and 

interactions of small molecules [1, 9, 10]. In particular, the study of organic molecules on a 

model catalyst surface can offer enlightening insights into the fundamental behaviour 

underpinning photocatalytic reactions.  

Carboxylates are of interest to study on the TiO2 surface for a number of reasons. 

Nucleation and adsorption dynamics are monitored because large, complex carboxylate 

species are used to anchor photosensitive dye molecules to the oxide in Grätzel-type dye-

sensitised solar cells [11]. Carboxylic acids are components of atmospheric pollutants that 

can be degraded on titania [12], so various chemical interactions are also of relevance. 

Photo-induced reactions of carboxylic acids in the presence of photo-redox catalysts such as 

TiO2 have also been considered as an effective and green method for the synthesis of 

polymers and complex organic molecules [13, 14, 15]  Simpler carboxylates such as benzoic 

acid can be used as model molecules to gain insight into the fundamentals underpinning 
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larger species. Key properties of the carboxylate / TiO2 system depend on the electron 

functionality of the carboxylic acid group, including adsorption, electronic behaviour, and 

thermal- and photo-induced reactions. 

Benzoic acid is the simplest aromatic carboxylic acid and has a number of properties that 

make it an interesting molecule to investigate from a photophysical perspective. 

Spectroscopic studies exploring the acid highlight that the carboxyl group introduces a series 

of nX* electronic states, and the location of these and their interactions with ring XX* states 

is important to the spectroscopic response of the system [16]. Another interesting property is 

the ability of benzoic acid to act as both a hydrogen donor and acceptor, and that the 

hydrogen bonding environment alters the photoabsorption range significantly even at room 

temperature [16]. Some solvents such as water are capable of forming strong hydrogen 

bonds with the acid [17], leading to the absorption of larger wavelengths by the molecule, 

with further spectral changes seen upon ionisation of the acid. It should be noted that these 

altered photoabsorption ranges, that are dependent on the hydrogen bonding environment 

of the acid molecules, are all reported as occurring within the UV energy range, with light of 

wavelengths below 300 nm. This is an indication of the strong effect hydrogen bonding has 

on the molecules, but it is unlikely that these specific results are relevant to the body of work 

presented below, wherein the benzoic acid system is exposed to light of lower energies. 

Derivatives of benzoic acids have also been applied to control the surface dipole and work 

function of heterojunctions [18]. 

Desorption induced by electronic transitions (DIET) underpin many important technological 

applications, with impacts in fields ranging from nuclear waste storage to planetary science 

[19, 20, 21]. Understanding photochemical processes that induce DIET-related phenomena 

can lead to functionality in manipulating and applying photoactive devices. Oxygenates such 

as benzoic acid are expected to interact with a photoexcited TiO2 surface through a hole 

scavenging mechanism, with a process involving co-adsorbed di-oxygen molecules as 

described  in [22]: electrons are excited from the valence band to the conduction band, at 

which point the excited electrons are able to transfer to the oxygen molecules, forming a 

superoxide anion radical, O2×−. Through this process, the electron-hole recombination rate is 

reduced [23]; background oxygen has also been found necessary for the photooxidation of 

alcohols, or to speed up the reaction [24, 25]. The photodegradation of benzoic acid has 

been assessed in the literature, with a non-catalytic photo-excitation mechanism (observed 

following irradiation by wavelengths of light smaller than 300 nm) taken to comprise of three 

steps when in aqueous solution [26]: the first step is an activation process whereby the 
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benzoic acid is excited by photons with a rate, r0, dependent on the adsorption coefficient, µ, 

and the flux of photons incident on the acid, q, so that: 

rs = 	e«. (5. 1) 

The second, deactivation step, has a rate constant K1 and a rate, r1, that is dependent on the 

concentration of the activated state of benzoic acid, BA*, according to 

yU = õU	»5ù∗	, (5. 2) 

and the final, photodegradation, step results in the creation of products from the activated 

benzoic acid with a rate constant K2 and a rate, r2 that is also linearly dependent on the 

concentration of activated acid, following 

rI = KI»5ù∗. (5. 3) 

The adsorption mechanism of monocarboxylic acids on the rutile TiO2(110) surface is known 

to be dissociative. Through this, benzoic acid deprotonates and binds to the rutile TiO2(110) 

surface as a benzoate, creating a surface hydroxyl with the dissociated hydrogen atom [27]. 

This is shown in two steps demonstrating both the structure of benzoic acid pre-adsorbtion 

in Figure 5.0(a) and (b) and the dissociated adsorbed benzoate in (c) and (d). Despite 

similar adsorption processes, however, the photodecomposition mechanism of carboxylic 

acids on the surface varies. For example, acetic acid (AA) and trimethyl acetic acid (TMAA) 

both require aerobic conditions, with the latter found to be far more active than the former 

[28, 29]. Once the TMA has been selectively removed through photolysis, studies have 

shown that the hydroxyls remain, producing a super-hydrated surface with up to 0.5 ML 

coverage of bridging hydroxyls [29]. 

The binding geometry of the benzoate on the (110) surface is bidentate with each oxygen of 

the acid group bonded to one Ti5c ion adjacent along the [001] direction, as shown from both 

side view and plan view in Figure 5.0(c) and (d) [30, 31]. DFT calculations have shown that 

this bonded acid group has a relatively deep potential well. Further, these calculations show 

that diffusion can occur along the [001] direction with an energy barrier of 0.55 eV and a 

transition state in which the two oxygen atoms bridge a single Ti ion. This is aligned with the 

mobility seen in other carboxylic acids such as TMAA using STM on the TiO2(110) surface, 

which is calculated to have a low barrier to rotation in addition to diffusion [32]. 
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Figure 5.0: Ball and stick model of the rutile(110) surface showing benzoic acid and benzoate on the 

surface. The acid as incident on the surface but not adsorbed is shown from the side view and plan 

view in (a) and (b). The dissociative bidentate adsorption geometry of the benzoate and the hydroxyl 

formed on the surface is also shown in both views on the right hand side in (c) and (d). Titanium ions 

are shown in light blue, with oxygen in red. Hydrogen ions are shown in green, and the carbon ions 

are in grey.  

Initial STM studies of the benzoic acid-dosed (110) surface reported a long range (2 x 1) 

order, with dimerization and trimerization of the benzoate layer at short range, when the acid 

is dosed via vapour deposition and via aqueous solution [31, 33]. The presence of dimers 

has been explained as originating through p-p or Van der Waals interactions between the 

phenyl groups on neighbouring molecules [34]. Photoelectron diffraction and DFT studies 

indicate that the rings are approximately perpendicular to the surface but further emphasise 

that interadsorbate interactions are important to configuration of the adsorbed molecules 

[35]. However, more recent STM studies of the surface after gaseous dosing have shown no 

preference to form dimers or trimers, instead forming near-pristine monolayers that are 

extremely stable to both thermal and photo-degradation [36, 27]. Recent work also shows 

that when deposited from the liquid phase, benzoic acid forms (2 x 2) and (2 x 1) dimer 

benzoate arrangements, frequently bi-layered [33, 37]. 

Photoabsorption wavelengths of benzoic acid are in the range of 240-300 nm [26]; an STM 

study of benzoic acid adsorbed onto the TiO2(110) surface has reported that this surface is 

stable under UV irradiation even after several hours. This work used a cut-on filter of 400 

nm, which means that only wavelengths shorter than 400 nm are permitted to be transmitted 

to irradiate the sample (equal to energies of 3.1 eV and above, to match the TiO2 band gap 

energy) [36]. It should be noted that STM images reported in the literature that show no 

photodegradation are of low spatial resolution, which makes it impossible to determine 

whether there are any photoinduced structural or chemical changes.  
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Other work in the literature has used in-situ infrared spectroscopy of benzoate monolayers 

on the rutile TiO2(110) surface, under ambient conditions, to show that the phenyl ring of 

benzoate is depleted when irradiated by a 365 nm (3.4 eV) UVA LED, using XPS to 

determine that a monolayer of carboxylate ions remains on the surface [38]. In the body of 

work presented in this thesis, photo-induced structural changes are reported at much longer 

wavelengths. Below, the photodynamics of the benzoate-dosed rutile TiO2(110) surface are 

studied in depth at various photon energies, in order to gain insight into the behaviour of 

more complex molecules containing carboxylates, such as photosensitizers.

5.2 Experimental Procedure 

The sample preparation and measurements described in this chapter were conducted in a 

UHV system composed of two chambers. The preparation chamber has a base pressure of 

5 x 10
-10

 mbar and is equipped with a high-precision leak valve for the dosing of gaseous 

benzoic acid, and a Hiden HALO 301 residual gas analyser (RGA) to check the purity of the 

gas and trace gases in the UHV chamber. The analysis chamber is at a base pressure of 1 x 

10
-10

 mbar and houses a sputter gun and an e-beam sample heater for sample preparation, 

as well as an Aarhus HT-150 variable temperature STM. 

The STM was operated in constant-current mode to investigate the sample surface, using an 

electrochemically etched 0.2 mm tungsten wire that was conditioned using iterative voltage 

pulses of up to +5 V, until atomic resolution was attained. A 10 x 5 x 2 mm
3
 Matek rutile 

(110) single crystal was used in this body of work and fastened to a tantalum sample plate 

using two spot-welded tantalum strips. The TiO2(110)-(1 x 1) surface was prepared under 

UHV by repeated cycles of Ar
+
 sputtering (for 10-15 minutes at an argon pressure of 1 x 10

-5
 

mbar and an accelerating voltage of 1 keV, giving rise to a drain current of 5 µA), followed by 

annealing (for 10 minutes, using a filament to bombard electrons at the sample plate, 

creating a sample temperature of 950 K, as measured using a calibrated K-type 

thermocouple spot-welded to the Ta foil).  

The sample took on a deep blue colour following cleaning cycles, and this standard surface 

preparation technique typically results in a 0.05 – 0.1 ML surface coverage of intrinsic 

bridging oxygen vacancy defects [9], with a monolayer defined relative to the density of Ti5c 

atoms on the primitive surface unit cell of rutile TiO2(110), at 5. 2 x 10
14

 atoms cm
-2
. Sample 

cleanliness was monitored directly using STM, and cleaning was carried out until a minimal 

coverage of unidentified contaminants was observed, at below 0.005 ML, and wide flat 

terraces (of around 15-20 nm in size) were seen with a characteristic step height of 3.25 Å. 
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This known step height was used to calibrate the STM z-piezo, and the (110) surface unit 

cell of 3 x 6.5 Å
2
 was used to calibrate the x and y piezos in the plane of the surface. The 

surface is seen to be hydroxylated at a coverage of 0.1 ML, a result of residual water in the 

UHV system adsorbing onto oxygen vacancies, OV, and splitting into two bridging hydroxyl 

groups as follows:  

HIO + OIÃ 	+ 	OÕ 	→ 2OHœ£, (5. 4) 

wherein one of the hydrogen ions of which attaches to a O2c surface bridging oxygen ion and 

the remaining OH group adsorbs at the vacancy. This gives an estimated oxygen vacancy 

defect density of 0.05 ML.  

To dose benzoic acid onto the sample surface, a gas manifold is attached to the high-

precision leak valve on the preparation chamber, with a glass vial containing crystals of 99.9 

% purity from Sigma Aldrich. The crystals were cleaned by pumping them for a minimum of 

48 hours using a turbomolecular pump, and the gas manifold was similarly cleaned whilst 

being baked at elevated temperature. Baking tapes and a hot water bath were used to raise 

the temperature of the crystals to 350 K, causing them to sublimate and build up a sufficient 

pressure in the manifold, thereby enabling dosing. The purity of the gas was monitored using  

 

Figure 5.1: Radiometric profiles of the different LEDs, labelled and shown on different axes as a 

waterfall plot to contrast the intensities and energy spreads. The different colours represent the 

colours emitted from each of the LED light sources. The intensity of each peak is recorded along the 

y-axis in units of Wcm-2nm-1. The powers of each LED are shown as a bar chart on the right-hand 

side, displaying that the powers of each LED have been normalized. 

RGA mass spectrometry, and the exposures are nominal values quoted in Langmuir (1 L = 

1.33 x 10
-6

 mbar s) based on an uncompensated chamber pressure of 5 x 10
-9 

mbar. 

Specific wavelengths of light were used to irradiate the benzoate-covered (110) surface by 

employing a CoolLED pE-4000 LED light source, delivered to the sample using fibre optics 
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and a focusing lens assembly through a boron silicate UHV window that does not filter UVA 

radiation and the lower energies used in this work. The spectral distributions incident on the 

sample surface were analysed using a Spectral Evolution SR-500. The results, as well as 

the power of the individual LEDs are shown in Figure 5.1, from which it can be seen that 

they have each been set to 120 mWcm
-2

 to ensure that similar numbers of photons are 

incident on the sample from each source, thereby focusing on any energy-dependent effects 

seen on the sample. It can clearly be seen that the wavelengths range from UVA at the 

highest energy, through to NIR at the lowest, and that the ‘White’ LED is a combination of 

the 365 nm (UVA), 460 nm (blue visible), 525 nm (green visible) and 635 nm (red visible) 

LEDs. At this power output, a flux of 3.3 x 10
17

 photons s
-1

cm
-2

 is achieved at the sample 

surface.

5.3 Results and Discussion 

5.3.1 Benzoic Acid Adsorption on Rutile TiO2(110)-(1 x 1) 

The clean rutile TiO2(110) displays a (1 x 1) surface termination with monatomic steps of 

3.25 Å and terraces of around 150 Å size. As seen in Figure 5.2(a), at higher resolution the 

STM image contrast is dominated by bright features of apparent height 0.8 Å and aligned in 

rows along the [001] direction separated by 3 Å. These bright features are bridging hydroxyls 

(OHbr) [39], with a coverage of 0.1 ML as described above. Therefore, the surface can be 

considered to be partially hydroxylated. In atomically resolved STM images with a lower 

density of OHbr, bright rows of Ti5c cations run along the [001], alternated with darker rows of 

Obr surface ions [40]. There is a very low density (below 0.005 ML) of unidentified 

adsorbates on the surface that are likely advantageous carbon or TiOx species. 

Benzoic acid molecules appear as bright protrusions, and in this work the surface was 

exposed to 10 L gaseous benzoic acid, to form a nearly perfect (2 x 1) benzoate monolayer 

with very few empty sites. As discussed above, this is consistent with a dissociative 

bidentate binding geometry of benzoate bridging two neighbouring Ti5c ions in the [001] 

direction, also seen in previous work [10]. The corresponding image can be seen in Figure 

5.2(b), with an inset highlighting the dark defects seen in the overlayer, which represent 

empty molecular sites.  

Using STM, a near-saturated coverage of 0.48 ML is observed. The (2 x 1) spacing is 

evidenced by the line profile in Figure 5.2(d) and is seen over both the long- and short-

range. The line profile across an empty benzoate site presents the apparent height of a 

vacancy as ~70 pm, which is roughly 3 times smaller than that reported in the literature  [27].  
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Figure 5.2: STM images showing (a) the clean rutile (110) surface, with a 70 x 70 Å2 inset highlighting 

the bright hydroxyl features (VS = +2.1 V, It = 0.03 nA), and (b) the benzoate (2 x 1) monolayer that 

forms after gaseous deposition under UHV, also with a 70 x 70 Å2 inset displaying the short range 

order and empty benzoate sites that manifest on the surface (VS = +1.9 V, It = 0.03 nA). (c) shows a 

magnified area of the surface with two black arrows highlighting the boundary between two domains 

of the (2 x 1) overlayer. (d) displays a line profile taken across an empty benzoate site, shown by a 

blue line in (c).  

This discrepancy in height is likely due to tip convolution effects, while the width of the 

vacancy is 1.2 nm as previously reported. As is discussed in section 5.3.3 of this work, the 

apparent height of the benzoate layer can be measured relative to patches of bare TiO2 and 

is recorded at 3 Å high; the real height of the molecules is expected to be around 8 Å from 

DFT modelling [41]. 

A boundary between (2 x 1) domains can occasionally be seen on the ordered overlayer 

along the [001] direction, or parallel to the Ti5c rows, whereby there is a dislocation of one 

single lattice spacing between the two regions as shown in Figure 5.2(c). This phenomenon 

is also observed in other studies of small carboxylic acids deposited on the TiO2(110) 

surface [10], and the size of the domains is indicative of whether the dominant interaction in 

the adsorption of benzoate molecules is with the Ti ions on the surface, or with 

intermolecular interactions. If there are no intermolecular forces present, a domain boundary 
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has a 50 % probability of forming between two Ti5c rows, which would mean that the average 

domain boundaries would be the length of two lattice constants, or 12 Å.  

Along the Ti5c rows, adsorbate domains extend for many lattice sites with very few domain 

boundaries observed in the perpendicular [11™0] direction. Thus, grains can be assumed to 

be very large in this direction, and we consider only grain boundaries in the [001] direction 

as a model indicative of intermolecular forces. Under this assumption, the domain length is 

found to range between 55 Å and 100 Å, with a mean value of 80 Å; 6.5 times larger than 

the 12 Å expected if there are no intermolecular forces present. Even larger domain 

boundaries than those seen in this work have been seen in the literature, when assessing 

molecular overlayers of meta- and para-fluorobenzoate on rutile (110) at room temperature 

[34]. The domain lengths recorded in this work were 25 times larger than the 12 Å expected 

in the absence of forces between benzoate molecules. The authors were unable to recreate 

such strong intermolecular forces using DFT, but it is known that current DFT methods tend 

to vastly underestimate long-range interactions [42, 43]. Despite this, energetic calculations 

demonstrate that it is clear that high energy intermolecular interactions lead to these 

significantly larger domain sizes, and that these energies significantly exceed thermal 

energy. The same can also be taken for our work, considering grain sizes that are larger 

than expected; however, it should be noted that the fluorobenzoate molecules exhibit much 

stronger intermolecular forces, and this is attributed to the highly electronegative fluorine 

substituent. 

In the literature it has been hypothesized that hydroxyls stabilize the benzoate overlayer via 

intermolecular interactions [34]. Additionally, stabilizing hydrogen bonds are seen to occur 

between carboxylates and surface hydroxyl groups in monolayers such as formate, resulting 

in unexpected long-range (2 x 1) ordering [33]. Long-range strain fields have also been 

postulated as a driving factor behind strong intermolecular interactions in the carboxylate 

monolayer [44]. 

There are some horizontal streaks seen when imaging the benzoate monolayer, often in the 

vicinity of an empty benzoate site. An example highlights this in the inset in Figure 5.3, 

whereby a benzoate empty site in the middle has a horizontal imaging streak either side of it, 

which is indicative of tip-surface interactions, or structural change in the monolayer. This is 

likely to be caused by the diffusion of benzoates across the surface, which can be seen 

directly when the same area of the surface is imaged repeatedly to create an STM movie 

with around 120 s between each frame. Comparing between consecutive frames, it is a  
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Figure 5.3: STM images taken of the benzoate-covered rutile (110) surface consecutively, with image 

1 taken at 0 s, and image 2 at 120 s, after one frame has been scanned. There is a mobility map of 

overlaid coloured circles to show the diffusion of empty sites. Green points remain unchanged 

between the two frames, red points are new dark points, and blue are previously empty sites that are 

now occupied. Often blue and red points occur in pairs, suggesting diffusion. Most empty stay 

constant between the frames, with 92% appearing ’immobile’. A 50 x 50 Å2 inset in image 1 highlights 

some of the horizontal streaks that are observed when imaging the monolayer (VS = +2.0 V, It = 0.03 

nA).  

straightforward matter to map out the position of all of the empty sites in the initial frame, and 

then compare a map of this to the next frame, highlighting those empty sites that have 

stayed intact, those that have disappeared between one frame and another, and ‘new’ 

empty sites that appear in the second frame. An example of two frames analysed in this way 

is shown in Figure 5.3. Often, empty sites that become occupied and ‘newly formed’ empty 

sites appear in pairs, suggesting a diffusion of molecules between the two frames; although 

it is hard to track individual empty sites, there does not seem to be a preferred direction of 

travel, with instances of diffusion along both the [001] and the [11™0] crystallographic axes 

observed in equal measure. 8% of empty sites are found to be mobile on the benzoic acid-

dosed TiO2(110) surface. The proportion of mobility can give an insight into the diffusion 

dynamics on the surface, and this is discussed at length below when considering the surface 

once irradiated by various photon energies. 

The diffusion of benzoate has been modelled in the past using DFT calculations and has 

been shown to have a relatively low energetic barrier of 0.6 eV, with a transition state in 

which the two carboxylic acid oxygen atoms both bond to a single Ti ion [45]. Further work 

notes that there exist several different accessible states for the molecule, with binding 

groups in different positions, with energy barriers that depend on the structure and 

properties of benzoate species [46].  
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When considering the strong intermolecular forces present in a near-pristine benzoate 

monolayer, it is likely that these also play a role in the thermal diffusion characteristics 

monitored in this work. For example, diffusion in formate monolayers is dominated by 

repulsive forces between adjacent molecules along the Ti5c rows, whereas attractive forces 

in the perpendicular direction regulate the long-range order of the (2 x 1) overlayer [47]. As 

discussed previously, surface hydroxyl groups may play a key part in the intermolecular 

forces, and by extension of this they might also strongly impact the diffusion mobility and 

perhaps the photoreaction of benzoates. Hydroxylation of the (110) surface has been shown 

to increase the diffusion rate of carbon monoxide molecules [48], and this may also apply to 

the kinetics of benzoates in this work. 

5.3.2 Irradiation of Benzoate / TiO2(110) Surface 

The benzoate / rutile (110) surface was initially irradiated with broad spectrum ‘white’ light, 

with a radiometric intensity profile shown in Figure 5.1. This source emits photons within the 

UVA and visible light energy ranges. Exposure to a broad energy range of light was carried 

out to determine the photoactivity of the benzoate overlayer, which has been recorded to be 

extremely stable even after two hours of UV illumination, using a 300 W Xe lamp with a filter 

that equates to 3.1 eV and higher energy photons, to match the band gap of TiO2 [36]. 

 

Figure 5.4: (a) An STM image of the benzoate overlayer after four minutes of exposure to a UV and 

visible 'white' LED light (Vs = +1.9 V, It = 0.01 nA). (b) shows the coverage plotted as a function of 

different irradiation times, treated as a zero-order reaction and (c) the coverage shown as a function 

of time treating this a first order reaction.  
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Before presenting the below work, it is important to emphasise that the dosing of benzoic 

acid was conducted in a separate preparation chamber, and that the analysis chamber is 

connected to the preparation chamber by a gate valve, rendering the STM free of benzoic 

acid contamination. This is described in detail in Chapter 3 of this thesis and is noteworthy 

because the pumping of residual carboxylic acids (which often possess a sticking coefficient 

near unity) can be very slow in the 10
-10

 mbar pressure range of UHV equipment.   

In this work we have found that there is indeed activity and structural changes observed 

even after less than a minute of exposure to the white light, primarily manifesting as an 

increase in empty sites visible in the (2 x 1) overlayer. An example of this can be seen in 

Figure 5.4(a), which displays the state of the overlayer after four minutes of irradiation by the 

white LED. With increased exposure times, the surface becomes more disordered and the 

coverage decreases, as is plotted in Figure 5.4(b). Chains of empty sites can be observed to 

form along the [001] and [11%0] directions. No products are seen to be evolved using mass 

spectrometry recorded in parallel with irradiation of the surface, although it may be that the 

rate of desorption of species is too low to detect, or that species formed through irradiation 

remain on the surface rather than undergoing desorption. It should also be noted that the 

mass spectrometry measurements were not pursued exhaustively, and that further tests 

may reveal results.  

As the surface can be seen as a 2D plane upon which a benzoate photoreaction is taking 

place, the fractional number of benzoate empty sites can be taken as a metric to track the 

reaction rate. Therefore, the change in coverage can be plotted according to the order of the 

reaction, as is demonstrated using first order kinetics in the plot of Figure 5.4(c). Assuming 

first order kinetics as in the plotted example, the coverage, ï, is expressed according to the 

rate of change in coverage as:  

−hï/h– = ®ï, (5. 5) 

which is integrated to show that ln ï is linear with time, giving: 

ln ï = −®– + », (5. 6) 

wherein k is the photodecomposition rate constant, and the integration constant C is ln(ïs), 

the natural logarithm of the starting coverage (at t = 0). Therefore, as shown in Figure 5.4(c), 

if ln ï - ln(ïs) is plotted on the y-axis against time, t, a linear graph will confirm a first-order 

process, with respect to the benzoate molecules. Similarly, if the reaction follows second 

order kinetics, the rate of change in coverage can be expressed as:  
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−hï/h– = ®ïI, (5. 7) 

which is integrated to show that 1/ï is linear with time in this instance, giving: 

1
ï
= −®– +

1
ïs
. (5. 8) 

Therefore, for a second order reaction, 1/ï plotted against time will provide the best linear 

fit. For a zeroth order reaction with respect to benzoate, the rate does not depend on the 

coverage of molecules, so that:  

−hï/h– = ®, (5. 9) 

and that the coverage itself is linear with respect to time: 

ï = −®– +	ïs. (5. 10) 

As can be seen from Equations (5.5) – (5.10), the order of reaction refers to the power 

dependence of the rate on the coverage of benzoate molecules. In practical terms, the order 

of reaction is an experimentally determined parameter that can be related to the 

stoichiometry of the reaction; for simple one-step reactions, the order and molecularity 

should have the same value. However, if more steps are involved in the reaction, the order 

with respect to benzoate can give an indication of how many benzoate molecules are 

involved in the rate-limiting reaction step(s). It is therefore highly unlikely that third order 

reactions, with respect to the benzoate coverage, ï, will be seen in this work, as these would 

involve three benzoate molecules in one reaction step. As a result, third order reactions are 

not considered below.  Zeroth order reactions in this work imply that the reaction rate does 

not depend on the amount of benzoate at all, indicating that they are not involved in the rate-

limiting step of the reaction.   

The change in coverage was assessed as above, according to different orders of reaction, 

and using linear regressions. However, as there are only four data points for consideration, 

and the variation in coverage amounts to around 10 % of the starting coverage over the time 

period assessed, each plot gave very similar goodness of fit values when assigning lines of 

best fit, at around 97% similarity. In fact, the zero-order reaction shows a marginally better fit 

than the rest, but given the ambiguity it cannot be used to determine the reaction 

mechanism. 

In order to explore this further, excitation conducted using more tightly distributed photon 

energies has been studied. The differences in behaviour with photon energy are discussed 
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below. Further photodynamics are also relevant, including the presence of larger species 

common on the surface after higher exposure times that may represent reaction products. 

Occasionally following irradiation there are areas of the overlayer that appear to become 

disordered faster; molecules in these regions exhibit higher mobility and the patches 

resemble band bent features present on the (110) surface. In fact, following exposure to 

photons, molecules in the benzoate overlayer exhibit greater mobility in general, and all of 

these phenomena are discussed in more detail below.  

Different wavelengths, or energies, of light irradiating the benzoate overlayer have markedly 

different effects on the surface. This is displayed qualitatively through the images seen in 

Figure 5.5, each taken after 20 minutes of irradiation, and manifests directly as differing 

numbers of empty states, recorded in terms of change in monolayer coverage of benzoate 

over time. Perhaps most unexpectedly, empty benzoate sites, taken to indicate photoactivity, 

are formed at all of the energy ranges employed in this investigation, even as low as 1.7 eV 

NIR (at a wavelength of 740 nm). This is in contrast to studies in the literature which have 

shown that photon energies must be in the UV regime with energies that exceed the 3.1 eV 

band gap of TiO2 to achieve the photodesorption of molecules such as CO [49]. In order to 

photo-oxidize carboxylic acids on the surface with visible light of lower energy than 3.1 eV, 

the literature reports that the TiO2 substrate must be doped with materials such as nitrogen, 

iron, copper or platinum [50, 51]. Further, the direct photoabsorption range for benzoic acid 

is recorded as occurring at higher energies between 4.1 and 5.2 eV [26].  

Therefore, the observation of photoactivity at such low energies indicates that the 

mechanism driving this reaction is not solely valence band to conduction band excitation as 

has been previously reported. The most likely explanation for this is that band gap states 

arise from electronic interactions between the TiO2(110) surface and the benzoate 

monolayer, although this has not been seen with other carboxylates. It could be that, as 

mentioned above in Section 4.1, hydrogen bonding of the acid molecule, or the interaction of 

TiO2 with the aromatic carboxyl np* and pp* electronic states, leads to some novel band gap 

states. 

It is noteworthy to mention that the redox reaction of R-substituted aromatic carboxylic acids 

has received considerable attention the last decade or so in the organic community, wherein 

R is any functional group in which a carbon or hydrogen atom is bonded to the rest of the 

molecule.  This interest is mostly driven by the observation of a visible light redox reaction 

via a donor-acceptor intermediate such as Ir(III) and Ir(II) in the example below [52]:   
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Ir(III) + RC√H‘ − COOH	 → Ir(II) + RC√H‘COI ∙	→ RC√H‘ ∙	. (5. 11) 

As described by the line plots of coverage as a function of time in Figure 5.5, all energies 

lead to the appearance of empty sites over time. However, in the initial 20 minutes of 

irradiation, the NIR LED actually causes the average number of empty sites to decrease. 

This interesting phenomenon could be attributed to the radiation heating up benzoic acid 

adsorbed to the UHV chamber viewport or interior walls, which then undergoes sublimation 

and becomes available to adsorb onto the surface. This may be possible because the LED 

must travel through the UHV viewport to irradiate the sample, and it only takes around 350 K 

to sublime benzoic acid.  

Examining the coverage as a function of time under exposure to the different LEDs uncovers 

a range of different rates of photoactivity, which seem to be dependent on the energy of the 

incident photons. Assessing the coverage of benzoate as an analogue for concentration of a 

reactant, orders of reaction can be determined in order to gain insight into the mechanisms 

underpinning the photo-induced reaction, as described above. The UVA and blue light LEDs 

(with wavelengths of 365 and 460 nm respectively) are best described as second order 

reactions, and the red light (635 nm) can either be described as a first or a second order 

reaction. Interestingly, the green light (525 nm) seems to deviate from this to follow a zero-

order reaction mechanism, which means that the rate is independent of benzoate and 

seems to rely solely on the exposure time used, or the amount of photons incident on the 

surface. All of the reactions have a 5% or better level of confidence for their goodness of fit 

values, but the NIR light has a much lower level of fit, due to the apparent ‘healing’ of empty 

sites in the first 20 minutes, after which benzoate coverage decreases and another 

mechanism seems to dominate. It should be noted that the higher energy LEDs, at 365 and 

460 nm wavelengths, have a quicker initial rate of desorption than the 635 nm LED, which 

may point towards differing mechanisms underpinning the two different energy ranges, as 

seen in Figure 5.5.  
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Figure 5.5: STM images of the benzoate overlayer on the rutile TiO2(110) surface after 20 minutes of irradiation by LEDS of different wavelengths, from 
shortest on the bottom left at 365 nm, moving clockwise to 740 nm on the right. Excitation energies and wavelengths are labelled at the top of the images (Vs 
= +2.0 V, It = 0.01 nA). The different trends in coverage are plotted in the line graph displayed in the middle.  Error bars in time  are negligible and cannot be 
resolved on the graph.
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To further explore photon energy dependent effects on the photoactivity of the benzoate / 

TiO2(110) surface, the rate of formation of empty benzoate sites per unit area is plotted at 

differing energies, as shown in Figure 5.6. Here, rates are recorded by comparing average 

STM coverages before and after 20 minutes of irradiation. Previous work employing this 

method has been able to observe a clear rise in photoactivity at the band gap energy of 

rutile, 3.0 eV, and this energy and above is highlighted in purple in Figure 5.6. While this 

does highlight an increase in photoactivity at around 3.0 eV (UVA) and above, there is also 

significant activity at lower energies, with a shoulder potentially appearing at around 2.7 eV 

(for blue light) or at even lower energies.  

Interestingly, there appears to be a dip in photoactivity at 2.4 eV (green light) that might 

imply that there is some sort of partially forbidden energetic region here. Although this effect 

is small when compared to the trend from 0 eV, at around 20 % of the total photoactivity 

measured, the values do indicate a decrease that is not accounted for by experimental 

errors. It is difficult to determine the details given the data available, but this phenomenon 

could perhaps be explained by one mechanism that leads to photoactivity at lower energy 

ranges, and another more classical band gap photoexcitation process that dominates at 

higher energies above the band gap threshold. This is unlikely given that the photoactivity at 

2.7 eV returns to a high value, and this is still at an energy that is below the TiO2 band gap.  

 

Figure 5.6: A scatterplot showing how the rate of formation of empty benzoate sites per unit area 

varies with different energies of incident photons. The band gap energy of 3.0 eV and above is 

highlighted in purple for reference. The dotted line is added to highlight the trend between data points.   
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Non-band gap excitation processes have been used to explain visible light activity of TiO2 

surfaces sensitised with ‘charge transfer complex’ 4-chlorophenol, whereby an electron is 

photoexcited from the ground state of an adsorbate and directly into the TiO2 conduction 

band without involving the excited state of the adsorbate [53]. This excitation mechanism is 

referred to as a ligand to metal charge transfer transition, and is clearly distinguished from 

classical band gap excitation. 

Applying this type of mechanism to our work, the observed decrease in photoactivity could 

align with the band gap state explanation for the photoactivity of the benzoate / (110) 

surface, provided that this proposed band gap state marries up with the lowest unoccupied 

molecular orbital (LUMO) of the benzoate molecule, or that the LUMO coincides with an 

energy 2.4 eV above the valence band of TiO2. In this case, the benzoate molecule would 

essentially act as an electron sink for electrons excited from the valence band of TiO2, 

drawing them away from the photoexcitation process so that they cannot participate in the 

photoreaction. Similarly, Ti 3d band gap states could be excited into an unoccupied state of 

the adsorbate, as has been shown using time-resolved pump-probe photoemission 

spectroscopy on hydroxylated rutile TiO2(110) [54]. In this work, 0.95 eV IR is used to excite 

electrons associated with hydroxyls into the bottom of the conduction band from within the 

band gap, and 3.5 eV UV light is used to excite electrons from the valence band and band 

gap states to the conduction band. DFT calculations are ongoing to gain further information 

on this matter, as the literature is inconclusive and reports a wide variation in the molecular 

energy levels, depending on the number of layers used in the calculation of the TiO2 slab 

[55]. Time-dependent DFT modelling work by Selloni et al. also shows that holes created in 

the valence band of TiO2 can migrate to above the middle of the band gap upon relaxation 

[55]. It could be that there are similar energy shifts upon the relaxation of photogenerated 

holes in this system too.  

Other explanations for this unexpected dip in activity at irradiation by 2.4 eV photons could 

involve terminal hydroxyl radicals themselves contributing to the photoexcitation process, as 

it has been shown using DFT modelling that the formation of these radicals can release up 

to 0.9 eV [56]. Potential mechanisms might also include a surface plasmon resonantly 

coupling with benzoate molecular vibrations to induce a peak in photoactivity at a limited 

energetic range below 2.4 eV; doping metal oxides with hydrogen has been shown to 

produce tuneable localised surface plasmon resonances, to give one example [57]. It should 

be noted that further repetitions of these data points and further photon energies are also 

planned, but due to the geographic positioning of the equipment, travel restrictions amidst a 
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global pandemic, and time limitations of this thesis, they have been unable to be carried out 

in time to contribute to this body of work. 

In order to ensure that the increase of empty benzoate sites is driven by a photoactivation 

process and not by the thermal activation of molecules, the temperature change of the 

sample was measured over an hour and a half of full-spectrum irradiation. This test used a 

Xe light source, with a higher output than the LEDS, at 0.7 Wcm-2, and a K-type 

thermocouple ‘finger’ brought into contact with the sample to monitor temperature changes. 

This higher power of irradiation resulted in an elevated temperature of ~70 K, to 370 K. To 

eliminate the possibility of thermal effects, the pristine benzoate-dosed (110) surface was 

subjected to a controlled anneal up to 420 K, an elevation of 120 K or almost double the 

temperature rise under the most intense radiation, to be conservative. STM images were 

taken before and after the anneal, and no qualitative or quantitative difference could be 

seen, such as an increase in the number of empty sites, or the level of disorder in the (2 x 1) 

overlayer. This excludes a thermally-driven reaction mechanism, and further suggests that 

the formation of empty sites in the monolayer is the result of a photoreaction. This is 

corroborated by TPD data presented of the benzoic acid-dosed rutile (110) surface, which 

show that the surface is stable up to 700 K, at which point primarily gaseous carbon 

monoxide (at 46% of the total products) and benzene (at 46%) are desorbed from the 

sample [36]. 

5.3.3 Photodynamics of Benzoate / TiO2(110) Surface 

It is important to fully understand the adsorption and dissociative bonding mechanism of 

benzoic acid and benzoate molecules on the (110) surface, as this might offer further insight 

into the photoreaction or desorption mechanisms that the molecules undergo. One 

phenomenon that warrants investigation is the presence of patches that exhibit band 

bending and seem to become disordered at a quicker rate following desorption, as 

previously highlighted by the black arrow in Figure 5.4(a). These regions display a higher 

density of empty sites and increased mobility of the benzoate molecules after radiation at all 

photon energies used. This mobility is evidenced through the migration of empty sites 

between one STM frame and another, as well as indicated by horizontal streaks in the 

imaging, representative of structural changes in the overlayer such as molecular diffusion. 

These features are shown in detail in Figure 5.7, which highlights the similarity of artefacts 

seen on the clean (110) surface, following the dosing of benzoic acid, and on the benzoate / 

(110) surface after irradiation.  
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Analysis of these features on the clean (110) surface show that they seem to repel hydroxyls 

as shown in Figure 5.7(a), and this has been reported in the literature and attributed to 

charged subsurface impurities that repel the hydroxyls [58]. The identity of the subsurface 

impurities is ambiguous, but data in the literature has assigned them as subsurface  

 

Figure 5.7: STM images showing clean and benzoate-covered rutile TiO2(110) surfaces with black 

arrows highlighting ‘bare patches’ of TiO2 devoid of hydroxyls that display band bending effects under 

imaging. (a) shows the as-prepared (110) surface, magnified to highlight a bare patch (Vs = +2.2 V, It 

= 0.05 nA), (b) and (c) show the benzoate / TiO2 surface after dosing without any irradiation, with (b) a 

band-bent region presented in high contrast, resembling the bare patches but covered in benzoate 

molecules; the ordered overlayer is showcased by the 70 x 70 Å2 inset, at lower contrast (Vs = +1.9 V, 

It = 0.02 nA); and (c) showing the bare patches without full benzoate coverage, but displaying mobile 

species and horizontal streaks (Vs = +1.9 V, It = 0.02 nA). (d) displays the benzoate / (110) surface 

after 20 minutes of irradiation under 635 nm light, with a bare patch showing more stability but also 

other smaller protrusions, highlighted by white arrows (Vs = +1.9 V, It = 0.03 nA). 
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vanadium [59], niobium ions [58], or interstitial titanium ions [60]. Due to this absence of 

hydroxyls seeming to facilitate a reduced energetic barrier for photo-depletion. Alternatively, 

the charge present in these regions may destabilize the benzoates to a certain degree, 

although in the case of Figure 5.7(b) it might be that the intermolecular forces stabilise the 

monolayer enough for the molecules to be present even in the region of charge.  

Considering this potentially stabilizing effect of hydroxyl groups, it might be that band-bent 

areas devoid of hydroxyls form benzoates that are less stable and exhibit weaker 

intermolecular interactions, which could be the case in the example shown in Figure 5.7(b). 

It is likely that this leads to an increased cross-section for photoreactions, relative to the 

surrounding overlayer, after irradiation, as in the area highlighted in Figure 5.7(d). 

Alternatively, the lack of hydroxyls, or the charge present at these ‘bare patches’ of TiO2, 

might mean that the benzoate does not adsorb in these regions, or does not form a well-

ordered overlayer, as demonstrated in Figure 5.7(c) in which the patches seem to contain 

highly mobile species.   

After irradiation by photons, these bare patches of TiO2 occasionally display smaller bright 

protrusions on the Ti rows, as highlighted by the white arrows in Figure 5.7(d). These 

features are unassigned, but occasionally display diffusion between STM frames, and are 

reminiscent of hydroxyls nucleated atop Ti5c sites. The presence of these features was only 

observed following irradiation of 2.4 eV and below. Higher energy photons seem to photo-

desorb these species or cause them to be otherwise depleted from the bare patches. As 

discussed previously in this manuscript, photon energies above 2.4 eV (green light) seem to 

initiate a second order photoreaction mechanism, so it may follow that the depletion of these 

potential hydroxyl features participate in the formation of benzoate empty sites at higher 

energies, and therefore become depleted. One possibility is that the hydroxyls recombine 

with the benzoate molecules, or interact directly with the benzoates, as has been reported 

on other oxide surfaces [61]. There are also larger round species that can be observed in 

the patches of bare TiO2 occasionally, and these are discussed below. The presence of 

these features is seen after irradiation at all photon energies and does not seem to be 

energy dependent.  

In addition to the round species aforementioned, there are also more elongated, oval-

shaped species observed on the benzoate overlayer following irradiation of the surface by 

photons. Both of these features are displayed in Figure 5.8, and as shown, the round 
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features seem to preferentially nucleate on terraces or on the bare, band-bent patches of 

TiO2, whereas the ovals tend to align along step edges.  

The oval features, if they are indeed a separate species to the round species, do not appear 

at all step edges, but they do appear in greater densities at longer irradiation times, which 

rules out solely tip convolution effects at the step edges as an explanation for their 

existence. It could also be that these are benzoates that have dimerized, although this would 

require the breaking of the carboxylate bond to the surface to create benzyl radical anions, 

which could combine to create biphenyl. This reaction may be more common at step edges, 

wherein benzoate molecules may already be destabilized due to under-coordinated step 

sites with excess electrons. Despite potential tip convolution effects that might disrupt size 

measurements laterally across the plane of the surface, the height measured in STM is 

highly precise. Height distributions for each assigned species are displayed to the right of 

Figure 5.8, and the red equates to the oval features, which have an average height of 3 Å ± 

 

Figure 5.8: STM image highlighting two different species that are only observed after irradiation of the 

benzoate / rutile (110) surface (by all different wavelengths), with a round feature indicated by blue 

arrows, and elongated oval artefacts shown using red arrows. Corresponding height distributions are 

shown on the right in their respective colours, displayed as histograms with Gaussian curves overlaid 

(Vs = +1.9 V, It = 0.01 nA). Image displayed here shows the surface after 20 min irradiation by 365 nm 

(UVA) light. Heights are measured from the overlayer to the peak of the species.  
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1 Å. This is around the same apparent height as the monolayer itself, measured at a bare 

TiO2 patch and shown in black in Figure 5.9.  

The height measurements matching up with the height of the monolayer corroborates the 

hypothesis that these artefacts are benzoate dimers, if we assume that we produce benzyl 

radical anions as described above. Very little height difference is expected between the 

dimer height and the overlayer height, as previously seen on the benzoic acid-dosed (110) 

surface [31, 33, 34]. It should be noted, however, that for the majority of these species 

nucleated at step edges, the height is not a trivial matter to measure. Every time one of 

these species was found at a step edge, the profile was taken across the step edge and 

height of the molecules extrapolated as the average of the height of that measured from the 

uppermost terrace, and the height as measured from the lower terrace. This is presented in 

recent literature as an established method for gauging the height of other molecules similarly 

nucleated on the rutile (110) surface [62].  

The rounder species that are more prevalent on the terraces have a height determined as 

2.2 Å ± 0.6 Å, which is smaller than both the overlayer and the oval-shaped dimer features. 

Although it is hard to evidence, it may be that the rounder species are partially or fully 

‘embedded’ into the benzoate overlayer, whilst remaining bonded to the TiO2 surface 

beneath. Therefore, these species might have a much smaller apparent height under STM 

and could be around 3 Å higher than reported. In that case, it could be that the rounder 

features are some sort of dimerized benzene species anchored to a benzoate below or a 

compound incorporating the benzoate molecule below. Definitive chemical identification of 

the two species that appear to evolve following photon interactions with the surface was not 

possible in the UHV system used for this work, and future work would benefit from 

investigations using XPS or infrared spectroscopy alongside STM measurements.  

Interestingly, there seems to be a shift in the preferential creation of either the round or the 

oval species depending on the energy of the photons incident on the surface. For example, 

there are double the number of oval species seen after 3.4 eV (UVA) and 2.4 eV (green 

light), and four times the number of oval species after irradiation by 2.0 eV (red) light. 

However, at 1.7 eV (NIR), there were almost seven times as many round species compared 

to oval, and at 2.7 eV (blue light) there were the same number of each species. Although 

this difference in ratios between the species may point towards different mechanisms driving 

the reactions at different photon energies, there is currently no distinguishable trend in this 

data, so it is difficult to reliably draw any meaningful conclusions. 
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As briefly mentioned above, there are some brighter species that are observed in the bare 

TiO2 patches following exposure of the surface to photons. These are examined in detail in 

Figure 5.9. As the species are free-standing and are not surrounded by benzoates or other 

molecules, it is hard to assign these species as one of either the round or oval species 

discussed previously. This is because without surrounding molecules, these species have 

greater degrees of rotational and vibrational freedom, and these molecular movements are 

likely to happen at a much higher frequency than the time it takes an STM to capture an 

image (around 150 s on average). Therefore, the species will appear much larger laterally 

than it is when frozen in place; similar effects can be seen with TMA on the (110) surface, 

with each molecule appearing ‘fuzzy’ as it rotates around 120 times per second at 300 K 

[32], and the spatial average is captured via STM. This is in addition to potential tip 

convolution effects.  

Nevertheless, a cross-sectional line profile has been taken of one of the species, shown by 

the green and blue lines in Figure 5.9, and contrasted to the black line profile taken of the 

 

Figure 5.9: STM image focusing on the features that can be observed nucleated within bare patches 

of TiO2 following irradiation of the surface. Brightness and contrast are optimised to highlight the 

morphology of each species (VS = +1.9 V, It = 0.02 nA). Line profiles of the coloured lines described in 

the image are shown on the right panels, displaying the sizes along both [001] in green and [11"0] in 

blue. For reference, the height of the overlayer is shown in black as just over 3 Å, as measured from 

the bare TiO2 rows. 
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edge of the overlayer, which displays an apparent height of 3 Å. This shows that the species 

appear to be 1 – 2 Å taller than the benzoate overlayer, at 4-5 Å high, but that it is still in line 

with the expected height of benzoic acid from crystallographic modelling, at around 5.2 Å 

without any contractions or expansions factored in, which might occur due to local bonding 

environments. The height recorded here seems to be equal to the height of the round 

species discussed above, as observed on terraces of the benzoate-covered (110) surface, 

and could also represent benzene rings formed as a product of photooxidation.  

It is of interest to note that the apparent height of the overlayer, measured and depicted in 

Figure 5.9 as 3 Å high, is a lot smaller than the height of a benzoate in a bidentate, upright 

bonding geometry, which is expected to be around 8 Å from DFT modelling [55]. This 

discrepancy could be explained by the fact that the height is measured across the edge of a 

bare TiO2 patch as discussed above. This edge might additionally be masking a step edge 

on the surface; if the benzoate is bonded parallel to the surface at the step edge, the 

apparent height ‘seen’ by the STM would in fact be recorded as the TiO2 step height, which 

is indeed the height observed, at around 3 Å. Despite that, 3 Å is also consistent with the 

height of STM line profiles of similarly arranged, closely packed and perpendicular benzoate 

molecules on other surfaces such as Cu(110) [63]. The observed height of 3 Å also close to 

the height of a carboxylate ion bonded to the surface. Therefore, it may be the case that the 

STM tunnelling is occurring into the carboxylate molecular orbitals, rendering the phenyl ring 

‘invisible’ to the STM imaging under the scanning conditions used here.  

There are examples in the literature of similar effects occurring with benzoate molecules 

adsorbed onto the Cu(110) surface, with one study using DFT calculations and STM 

measurements to show that altering the tip-sample distance causes either the delocalised p-

orbital of the phenyl rings, or the carboxylate-copper s-orbital to become available for 

tunnelling into by the STM tip. Similar changes have been reported as being induced by tip 

modification while imaging terephthalic acid molecules arranged on TiO2(110), giving insight 

into different parts of the electronic structure [64]. Further experimentation would be needed 

with different tip-sample distances and tip modifications to ascertain that this is the case in 

our work.  

The length of the species in the [11"0] direction appears to span three of the bare Ti5c rows, 

at around 2.5 nm. Although this could be inaccurate, it, along with the larger height, 

suggests that the species is larger than the benzoate molecules within the monolayer. 

Perhaps, as hypothesised above for dimers, this species is two benzoate molecules bonded 

together through aromatic-induced Van der Waals interactions. Qualitatively, the shape of  
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Figure 5.10: STM images taken of the same area at consecutive frames, 150 s apart, to form an ‘STM 

movie’ and highlight mobility and dynamics on the surface, after 40 minutes of irradiation by UVA 

light. The bare TiO2 patch circled by a blue dashed line in the 0 s frame is of particular interest, with 

the location of one molecule at the bottom left of this patch tracked with a blue dot. This region also 

includes a ‘crack’ that forms in the second frame, highlighted by a blue arrow in each frame. Chains of 

species also form at extended irradiation times, and some are indicated by red arrows in the 0 s 

frame. (250 x 250 Å2, VS = +1.9 V, It = 0.02 nA) 

the species in Figure 5.9 does not change between STM image frames, and there appears 

to be additional electron density at the edges, where the species intersect with the Ti rows. 

This may indicate extra species such as oxygen or -OH groups on benzoic acid or could 

represent some form of bonding involving electronic exchange between the molecule and 

the Ti rows.  

Despite a lack of absolute chemical identification using spectroscopy techniques in this 

work, the dynamics of these species can be further explored through STM ‘movies’ that 

capture the movement of molecules and other species on the surface between one image, 

or frame, and the next, taken consecutively of the same sample area. Such movies have 

been discussed previously, and one such example is presented to investigate the dynamics 

of the larger species seen at bare TiO2 patches, shown in Figure 5.10.  

The stop motion STM movie presented in Figure 5.10 is of interest for a number of reasons, 

particularly to witness the dynamics of the mobile species in bare TiO2 patches, and how 

they interact with the surrounding benzoate monolayer. As mentioned earlier, the motion of 

empty sites, or benzoate molecules, is common within the (2 x 1) overlayer following 

irradiation by photons, and trends in this are explored further below.  

Focusing on individual species, single molecules nucleated in or near bare patches such as 

the one highlighted by the dashed blue circle can be tracked between frames. At the bottom 

left corner of the patch shown in Figure 5.10, one such molecule is highlighted by a small 

blue dot, and it can be seen that at 0 s, the molecule forms a part of the benzoate overlayer; 
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at 150 s, the molecule seems to move away from the overlayer and towards the ‘free’ space 

of the bare TiO2 patch. At this point, the molecule either joins another or simply appears 

much larger in the lateral directions, seeming bigger and fuzzier as discussed above. This 

further indicates that the larger species seen at the bare TiO2 patches are either benzoates 

themselves or dimerized pairs of molecules. At 300 s, the molecule appears to re-join the 

overlayer, showing that this is a reversible diffusion process, pointing towards the species as 

a benzoate molecule. A similar process, but less pronounced, can also be observed in the 

three round species aligned along the top edge of the bare patch as they change positions 

between one frame and the next.  

To the left of the encircled area in Figure 5.10, a blue arrow is positioned in exactly the same 

place in each frame, to emphasise the formation of a ‘crack’ in the (2 x 1) monolayer at 150 

and 300 s, in which a chain of benzoate molecules appears to move away from the rest of 

the layer and towards the bare TiO2. Once slightly separated from the layer, the benzoates 

appear more elongated and oval in shape, similar to the oval features explored above, but 

not as elongated. 

It should also be noted that after extended periods of irradiation, chains of elongated oval 

species become increasingly more common. Some examples are highlighted by red arrows 

in the frame at 0 s of Figure 5.10. These look to have formed as growths from step edges, 

and they exhibit a spacing along the [001] that is equal to the benzoate (2 x 1) overlayer; this 

is suggestive that they are either benzoates or contain a phenyl group with similar 

dimensions. 

 As described above in Section 4.3.1, STM stop motion ‘movies’ can also be used to 

determine the mobility of benzoate molecules by monitoring the position of empty sites 

between consecutive images of the same area of the surface. The proportion of empty sites 

that move can be taken as a marker of diffusion events. Although the STM frames are taken 

consecutively and of the same physical area of the surface, the time difference between one 

image and the next is around 180 s. During this time lapse, there are often multiple diffusion 

events that occur, with empty sites appearing to migrate an average of three lattice spacings 

in any given direction (along the [001] or [11$0] crystallographic axes) as the benzoate 

molecules shift around them. Therefore, individual molecules cannot be distinguished and 

tracked between frames, so the empty sites are tracked instead, by analysing the number of 

empty sites that remain immobile from the initial frame, and in the same area after 180 s. 

This number is taken as a proportion of the number of total empty sites, and this proportion 

is subtracted from 100 % to give the proportion of ‘mobile sites’. This has been recorded as 
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an average across a series of images for each different LED light, and each image is taken 

long after the surface has been irradiated with differing energies of photons. Example 

‘mobility maps’ showcasing the mapping of benzoate empty sites are displayed in Figure 

5.11.  

The images have been taken long after the surface has been irradiated, recorded after an 

hour or more of thermal stabilisation to prepare for STM imaging. Although it is expected that 

photoexcitation dynamics would have much shorter timescales, on the order of 100 – 1000 

ps [65], differences in the diffusion behaviours seen using this method can shed light on the 

final state of the structural changes that occur to the surface during irradiation. Thus, 

information can be extrapolated back to better understand the photoreaction that occurred 

and determine if there are any energy-dependent behaviours seen, which might provide 

further insight into the surface reactions that occurred during irradiation by the different 

energies.  
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Figure 5.11: STM images displaying frames taken of the same surface area,180 s apart, with circles 

mapped onto them to indicate the diffusion of benzoates.  Because of the image in STM, the diffusion 

is discussed by monitoring the mobility of empty sites or immobility of empty sites. The positions are 

analysed on selected terraces and avoiding 'cracks' or other disruptions to the overlayer. (a) and (b) 

show the first and second consecutive frame on the non-irradiated surface, as an example, whereas 

the rest of the images show only the second frame, to highlight the difference between different 

energies of photons. It is to be noted that these images are taken after the complete irradiation 

experiment and the reference to irradiation is taken as label of the image.  (c) is an image taken after 

the surface was irradiated with a broad spectrum Xe lamp for 3 minutes followed by 180s without 

irradiation at RT. (d)-(h) display similar image maps, but taken after  the (d) 3.4 eV UVA; (e) 2.7 eV 

blue light; (f) 2.4 eV green; (g) 2.0 eV red; and (h) 1.7 eV NIR photon experiments. (VS = +2.0 V, It = 

0.02 nA). Green circles represent empty sites that have remained immobile, blue circles are points 

that had an empty site in the first frame but are now occupied, red points are ‘new’ empty sites that 

appear in the second frame.  
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The percentage of empty sites that were found to be mobile in the set of experiments are 

presented in Table 5.1 for clarity. The mobility data point taken of the surface after it has 

been exposed to three minutes of irradiation using a broad spectrum Xe lamp is included in 

Figure 5.11(c) solely as a qualitative comparison to demonstrate the mobility of the 

benzoates, so is discounted in the table and in any further analysis.  

If the diffusion events are solely driven by random thermal motion, it would be expected that 

the percentage of mobile vacancies, taken as a proxy for mobile molecules, would follow 

some proportionality to the coverage, such that with more vacancies we can expect a 

proportional rise in mobility. To cross-reference this, the density of these empty sites 

(expressed as monolayer coverage) after twenty minutes of irradiation by the different  

Photon energy / eV Mobile sites Empty sites / ML 

Pre-irradiation 8 ± 1 % 0.010 

3.4 (UVA) 20 ± 3 % 0.061 

2.7 (blue light) 28 ± 2 % 0.058 

2.4 (green light) 30 ± 4 % 0.017 

2.0 (red light) 17 ± 2 % 0.032 

1.7 (NIR) 6 ± 1 % 0.013 

Table 5.1: Values showing the percentage of mobile empty benzoate sites at different energies of 

photon irradiation, with error values. The third column cross-references these mobility percentages 

with the monolayer coverage of empty sites, also after irradiation at the different energies. 

 

Figure 5.12: A graph displaying the data presented in Table 5.1, highlighting the relationship between 

the mobility of empty benzoate sites and the coverage of empty sites after 20 minutes of irradiation by 

different LED lights. The fill colour of the points represent the colour LED used, with purple for UVA, 

brown for NIR, and the open black circle showing the values pre-irradiation. The black dotted line is a 

linear regression added, with a goodness-of-fit measure of 73%. 
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energies of LEDs has been recorded and added to Table 5.1. These coverages essentially 

spell out the photoactivity, and the trend in coverage between the different energies is 

directly proportional to the trend in photoactivity described and discussed in Figure 5.6. This 

direct relationship exists because the coverage of the benzoate layer (or conversely the 

cover of empty benzoate sites) is taken as a marker for photoactivity on the overlayer. As 

expected from the low coverage of empty sites (which equates to low reactivity), the pre-

irradiated surface and the NIR photons have the lowest proportion of mobility. Also as 

expected, the surfaces that were treated with UVA and with blue light photon energies, that 

had the highest activity (and therefore the highest number of benzoates removed), have 

significantly higher percentages of mobility.  

Unexpectedly, however, the highest proportion of mobility is observed in the middle of 

investigated range.  This was for the surface that had 0.02 ML equivalent of empty sites, 

generated after irradiation by green light.  Figure 5.12 shows the data presented in Table 

5.1, and as can be seen there appears to be an overall weak linear relation between the 

density of empty sites and the mobility.  This would be the expected case for isotropic 

diffusion (present in gas or liquid states).  It is important to mention that while this green data 

point is off the trend in this set of data, it is also off in Figure 5.6.  The two sets of 

experiments are not dependent on each other, which means that an error conducted in the 

first part of the experiment (counting the number of sites following a photoreaction) has no 

effect on the second set of the experiment presented here (counting sites in the dark as a 

function of time).  It is thus possible because this surface showed the lowest activity that it 

has the highest number of not only benzoates but also surface hydroxyls, which in principle 

should facilitate surface diffusion.  

To further elucidate the photoreaction of the benzoate overlayer on the rutile TiO2(110) 

surface, oxygen was introduced while irradiating the sample with broad spectrum white light. 

This is because oxygen acts as an electron scavenger in similar systems [22], and therefore 

if the reaction rate increases, this can be taken as further evidence that the benzoate 

species undergoes oxidation to produce empty sites and additional species following 

irradiation. Further, if there was a preference for the production of either oval or round 

species when the surface is irradiated in the presence of oxygen, this may give an insight 

into their chemical identity.  

Three different irradiation times were trialled with a back pressure of 1 x 10-8 mbar oxygen in 

the UHV system, to assess qualitative differences when compared to the same system  
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Figure 5.13: STM images of the benzoate / (110) surface after irradiation by broad spectrum 'white' 

light with a partial pressure of 1 x 10-8 mbar O2 for differing lengths of time, marked on the bottom 

right corners of the images (VS = +1.9 V, It = 0.02 nA). 

irradiated without oxygen. Images taken after 30 s, 120 s and 480 s are shown in Figure 

5.13. 

From these STM investigations it is clear that oxygen accelerates the formation of empty 

sites. Additionally, the formation of both oval and round species appears to be accelerated in 

general in the presence of oxygen, with the surface becoming saturated after 480 s of 

irradiation, seen in the rightmost image in Figure 5.13. Similar levels of saturation are seen 

after irradiation times that are four times as long without oxygen. Despite the increased rate 

of production, there does not appear to be a preferential formation of either species. 

As mentioned in the introduction to this chapter, there has been previous work that 

employed infrared spectroscopy to track the depletion of a benzoate monolayer on the rutile 

TiO2(110) surface under irradiation by a 3.4 eV UVA LED, in air [38]. This work used a 

solution-deposited benzoate layer and determined that benzene species were desorbed 

from the surface, using XPS as proof that this photooxidation reaction leaves a carboxylate 

monolayer on the surface. Further work, also investigating UVA-induced photoreactions of 

benzoates on hydrated TiO2 and iron oxide surfaces, uses electron paramagnetic resonance 

spectroscopy and transient absorption spectroscopy to determine that the main 

photodegradation path of benzoate is decarboxylation initiated by charge transfer from the 

benzoate molecule to the titanium dioxide valance band, whereby the benzoate molecule 

acts as a hole trap [66]. At higher temperatures, the C-centred radicals formed become 

mobile and abstract hydrogen atoms from other benzoates in the monolayer. In line with 

discussions previously mentioned in this chapter, benzoate also interacts strongly with 

hydroxyl radicals, scavenging essentially all of these radicals that are formed [61]. 
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A similar photooxidation reaction could well be happening in this work, using the reaction of 

benzoic acid to produce benzene as a proxy reaction, through:  

C&H(O* 	→ C(H( + CO*. (5. 12) 

In addition to the reaction shown in Equation (5.12), benzoic acid might also be 

photooxidised to biphenyl according to: 

2C&H(O* 	→ (C(H3)* + 2CO* + H*. (5. 13) 

Alternatively, if benzoic acid on the (110) surface is reduced under irradiation, benzaldehyde 

would form as: 

2C&H(O* 	→ 2C&H(O + O*. (5. 14) 

The energy difference between the HOMO of adsorbed molecules such as benzoates and 

the extracted DOS calculated using DFT methods has been proposed as a useful gauge of 

susceptibility to photooxidation [67, 68]. This means that the oxidation potentials of 

molecules (calculated relative to the normal hydrogen electrode, NHE) that have a larger 

potential separation from the valence band of TiO2, at +2.7 V, will be more efficient hole 

scavengers. For molecules undergoing reduction, the potential difference between the 

oxidation potential and the conduction band of TiO2, at -0.5 V, is considered so that the 

larger the potential difference means that the molecules will act as more efficient electron 

scavengers.  

Therefore, further insight can be obtained by assessing the standard oxidation potentials of 

the most likely photooxidation and photoreduction reactions that benzoic acid might undergo 

on the TiO2 surface, as described by Equations (5.12) - (5.14). The findings from the redox 

reactions of benzoic acid is taken to be indicative of results from benzoates on the (110) 

surface, as there is insufficient thermodynamic data that currently exists on benzoates, 

whereas benzoic acid has been studied enough to determine the oxidation potentials. The 

standard oxidation potentials of the different chemical reactions displayed in Equations 

(5.12). - (5.14) have been calculated using the standard Gibbs free energy change for each, 

∆78 [69, 70], and are presented in Table 5.2.  

Using Equations (5.12) - (5.14), ∆78 in each instance can be calculated from the standard 

energy of formation of the products and reactants as follows [71]: 

∆78 =:∆;7<=>?@ABC
8 −:∆;7=EFABFGBC

8 , (5. 15) 



Chapter 5: Benzoic Acid on Rutile Results and Discussion 

151 

noting that ∆;7
8(CO2) = -394.7 kJ mol-1 and ∆;7

8(C&H(O*) = -245.1 kJ mol-1 [72]. Using the 

calculated Gibbs free energy changes, the standard oxidation potential can be equated 

using the below:  

I>J
8 =

−∆78

KL
	(MN.OPI), (5. 16) 

in which n is the number of electrons lost (gained) from the benzoic acid during the oxidation 

(reduction) process, and F is the Faraday constant, at 96485 C mol-1.  

Product (Equation) ∆RS
T (product)a / 

kJ mol-1 

∆ST (reaction) / 

kJ mol-1 

UVW
T 	/ V vs. 

NHE 

Benzene (5.5) 121.7 28.0 - 0.14 

Biphenyl (5.6) 275.0 24.3 + 0.06 

Benzaldehyde (5.7) 20.9 -266.0 + 0.69 

Table 5.2: Standard oxidation potentials (versus NHE) for the different photooxidation and 

photoreduction reactions that benzoic acid might undergo, used as comparison between the products 

that benzoate might photodegrade into. All ∆;7
8 data is taken from reference [69].  

As seen from the data presented in Table 5.2, the reduction reaction to benzaldehyde has a 

potential difference of 1.19 V (from the oxidation potential at +0.69 V to the conduction band 

of TiO2, at -0.5 V with respect to the NHE). The oxidation reactions have larger magnitudes 

of potential difference, (to the valence band of TiO2 at +2.7 V with respect to the NHE), with 

benzene at 2.84 V, and biphenyl less energetically favourable at 2.63 V.  

Relating these options to the experimentally observed photoreaction of benzoates on the 

rutile TiO2(110) surface, and literature referred to above, the most likely reaction pathway is 

that the benzoates undergo photooxidation to produce benzene that is depleted from the 

surface, potentially leaving behind a monolayer of carboxylate ions. A similar bond scission 

mechanism has been recently hypothesised to occur during the conversion of ethylbenzene 

on the (110) surface, with the reaction able to be triggered either by heat or UV light [74]. 

However, the excitation mechanism was not discussed in this work.  

The excitation process of the electrons remains ambiguous, although an electron-driven 

mechanism involving band gap states and indirect excitation of electrons via molecular 

orbitals seems to be the most probable process.  As the TiO2(110) single crystal is n-doped 

(due to intrinsic surface and bulk oxygen vacancy defects), these charges within the band 

gap could well be excited to the C1s (3b1) or C1s (1a2) electronic states of the phenyl ring of 
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the benzoates, both of which are located at the edge of the conduction band [73]. This would 

thereby initiate a reduction process and could explain the unusual activity at sub-band gap 

energies.

5.4 Conclusions and Future Work 

The adsorption, diffusion kinetics, and photodynamics of benzoic acid dosed on rutile 

TiO2(110) surface at 300 K has been studied with STM. Gaseous benzoic acid was found to 

form a nearly pristine (2 x 1) benzoate monolayer consistent with bidentate binding 

geometry. Surprisingly, the surface was found to decompose and become disordered at 

irradiation by a range of photon energies, from NIR to UVA, with NIR leading to readsorption 

of benzoic acid at benzoate empty sites. The most obvious effect of the irradiation was the 

depletion of the monolayer, seen through the formation of empty benzoate sites, which were 

used as a marker for photoactivity.  

The persistence of photoactivity at energies as low as 1.7 eV indicates the potential 

existence of band gap states in this system, an effect that has not been seen with other 

carboxylates on the (110) surface or on the same system in the literature. However, to my 

knowledge there are no recorded ultraviolet photoelectron spectra (UPS) taken of the 

benzoate system on a titanium dioxide surface; such measurements would shed light on this 

definitively. This could be linked to changes in the photo-adsorbtion behaviour of benzoic 

acid when it is hydrogen-bonded, or it could arise from TiO2 interacting with pi electronic 

states induced by the aromatic functional group. The most likely mechanism is the excitation 

of electrons through the benzoate molecular orbitals (via the LUMO, and most likely through 

the phenyl ring carbon closest to the functional group), perhaps from band gap states, but 

this would need to be corroborated by DFT calculations.  

Species appearing after irradiation by different photon energies were explored, highlighting 

two species; round and oval artefacts. After assessing their morphologies and dynamics 

through STM movies, it was postulated that both are likely to be benzoate features, likely 

dimeric, or other similar aromatic molecules, perhaps benzene rings or biphenyl species. It 

was observed that regions of the surface that repel hydroxyls, thought to be subsurface ionic 

impurities, also leads to easier disruption both before and after photon exposure. Surface 

hydroxyls are hypothesised to stabilise the benzoate monolayer, possibly through hydrogen 

bonding, and it may be that these species also play a role in the photochemistry of the 

overlayer at some or all photon energies.  
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It has been noted that on the partially depleted surface, following irradiation by 2.4 eV green 

light photons, benzoate molecules exhibit a higher degree of mobility than is expected.  The 

reaction mechanisms underpinning these processes are not currently identified, and neither 

are the products.  It is postulated that some species assisting the mobility of benzoate 

molecules, such as surface hydroxyl groups have preferentially desorbed upon irradiation by 

energies higher than ~ 2.4 eV.  Nonetheless, photon irradiation of the benzoate overlayer in 

the presence of oxygen serves to highlight that it is likely that the benzoate molecules 

undergo photooxidation to form the empty sites, round and oval product species, and the 

associated dynamics described above. The most probable reaction pathway has been 

determined as benzoate photooxidation to desorb benzene rings, leaving a carboxylate 

monolayer on the surface; however, this would need to be corroborated through further 

experimentation.  

The photoactivity observed in this work is in contrast to a previous STM study in the 

literature, which reports the stability of a benzoate monolayer on the (110) surface under UV 

irradiation. However, other work has used infrared spectroscopy to show that benzoates do 

photooxidise, as observed in our work. This difference is likely due to the preparation of the 

surface; benzoic acid was pumped for 48 hours or more before dosing to form near-pristine 

(2 x 1) monolayers in this work. This has not been reported previously, and it may be that 

results showing an inactivity have additional species from the background of the dosing 

apparatus and benzoic acid crystals, such as water molecules. Additionally, previous STM 

images have not been of high quality and resolution enough to distinguish the type of 

photoactivity seen in this work, with molecular resolution and the exact analysis of coverage 

by counting individual empty sites that are formed. This body of work highlights the 

importance of surface preparation and functional groups such as hydroxyls in surface 

reactions, and offers fundamental insights into the behaviour of more complex molecules 

containing carboxyl groups, such as dyes for use in solar cells. There is also a potential 

route towards understanding photoelectron-induced desorption processes through 

mechanisms beyond classical band gap excitation.  

When considering future work, it would be of interest to explore the species formed on the 

surface with chemically sensitive techniques such as XPS or IR spectroscopies, as well as 

UPS measurements to probe the band gap. These can readily be carried out in the same 

UHV chamber that houses an STM, for in situ measurements within the same environment, 

or ex situ measurements, provided that the surface can be interrogated for order and 

cleanliness, using a technique such as LEED measurements alongside the spectroscopic 
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surveys. Identification of products formed may provide valuable insight into the photo-

induced decomposition, and in situ exposure during STM would provide more insightful data.  

It would also be useful to observe electron-hole dynamics of this model system using 

femtosecond time-resolved spectroscopy to help build up understanding of the 

photodynamics. From a theoretical perspective, DFT calculations would also add value to 

this work in determining energetic barriers towards diffusion and desorption, as well as 

determination of the electronic structure of the surface, particularly with regards to the 

potential existence of band gap states that cause the surface to be sensitive to visible light.  

Once the photoreaction is understood in detail, conditions can be altered, and different 

probe or co-adsorbed molecules should be used to tailor the reaction and activity, exploring 

in particular the role of hydrogen bonding and aromatic compounds and their interactions.   
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Effect of Gold on the Photodynamics of a  

Model Dye-Molecule Supported on  

Rutile TiO2(110) 

 

Abstract 

The effect of gold nanoparticles on the photooxidation and kinetics of a monolayer of model 

dye-related molecules supported on rutile TiO2(110) has been investigated. The deposition 

of benzoic acid onto a gold-deposited surface causes smaller gold species to agglomerate, 

suggesting a route to control the size of gold nanoparticles on the (110) surface. There are 

some size-dependent effects observed: larger gold nanoparticles do not enhance the rate of 

photoreaction, and lead to reduced diffusion of the benzoate molecules compared with the 

clean surface. It is suggested that surface hydroxyls mediate benzoate intermolecular 

forces, and consequently have a significant impact on reaction mechanisms and diffusion; 

the presence of gold nanoparticles may also serve to act as a sink for hydroxyls. This 

hypothesis is also used to describe anisotropy observed in the photoreaction of benzoate 

molecules, that is only present on the gold-deposited surface. 
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6.1 Motivation 

Global environmental concerns, in addition to the forecasted depletion of fossil fuels, have 

given rise to a pressing demand for clean, sustainable sources of energy. Harnessing the 

natural powerhouse of the sun to drive photocatalytic reactions is an attractive route to 

achieve this. For example, the photocatalytic production of hydrogen via water splitting is 

considered to be among the most promising technologies. Despite decades of work on 

different photocatalytic systems employing a variety of technical concepts, using sunlight to 

attain water splitting to molecular hydrogen and oxygen remains elusive, as do many other 

solar-driven processes [1].  

This is due to the high level of complexity of photocatalytic systems, wherein knowledge 

must be drawn from several scientific domains. To design a photocatalytic system with both 

long-term stability and high photocatalytic efficiency, detailed knowledge of photophysics, 

surface chemistry, and material science is required. One approach to tackle this problem is 

to conduct model catalyst studies; this allows a mechanistic understanding of the 

fundamental steps of the process to be gained, including photon absorption and creation of 

electron–hole pairs (which typically requires photon energies greater than the bandgap of 

the photocatalyst); photoexcited charge carrier separation and diffusion; and surface 

chemical reactions involving these carriers. 

Following the pioneering work of Fujishima and Honda [2], there has been significant interest 

in titania-based photocatalysis, both in order to understand the fundamental science and to 

harness this effect for industrial applications. Extensive research has been carried out on 

various forms of titania, making it a well-suited material to explore the reduction-oxidation 

mechanisms underpinning many photocatalytic processes. One of the most studied and 

understood surfaces is rutile TiO2(110), making it a preferred system from which to conduct 

model catalyst studies. Gold nanoparticles are known to be catalytically active for a wide 

variety of reduction and oxidation reactions on the titania surface [3, 4], although there 

remains a lot to be understood about the interaction between gold particles and metal oxide 

supports, which greatly influences catalytic activity [5]. 

Gold has a high electronegativity (2.31 eV), as well as a high ionisation potential (9.22 eV) 

[6], both of which make it a poor electron donor. Consequently, gold nanoparticles have a 

relatively weak interaction with many oxides. They do, however, have a strong size-shape-

activity relationship, with unique properties that manifest during growth and from the reaction 

environment [7].  
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In general, catalytic activity of gold on the rutile (110) surface increases as particle sizes 

decrease. There is a consistent peak in activity when the particles reach a diameter of 3 nm 

[7], and Valden et al. link this to a metal to non-metal transition for the gold particles [8]. This 

feature is generally agreed upon within the literature and is referred to as the quantum-size 

effect [9]. The emergence of an energy band gap when particles are below 0.4 nm in height 

also corresponds to a drop in local barrier height (LBH) measurements seen at this size 

range [10]. It is suggested that above 0.4 nm the gold has a region of negative charge in the 

metallic particles, which then reduces when the height falls.  

Wang and Hammer suggest that charge transfer between the Au nanoparticles and the 

titanium dioxide support is the root of catalytic activity for the inert metal [11]. Photoelectron 

spectroscopy (PES) data from two different groups show a reduction in the band gap of rutile 

TiO2(110) upon an increase in the coverage of gold [12, 13]. Minato et al. attribute this as 

charge transfer from excess electrons localised around oxygen vacancies to the gold, 

maintaining that the vacancies are sources of excess electron density, and concluding that 

anionic gold forms the active part of catalysis [12]. Mellor et al. corroborated these findings 

through the complementary use of in situ STM and microfocused XPS techniques; through 

this it was determined that gold nanoparticles undergo a Volmer-Weber nucleation-growth 

regime at oxygen vacancies, including electron transfer to the particles [14]. However, 

Okazawa et al. state that this band gap reduction signifies charge transfer from the gold to 

the vacancy sites, which they believe are electron deficient relative to the stoichiometric 

surface; in this case, the active gold nanoparticles are determined to be cationic [13]. It is 

likely that these discrepancies arise from differences in the state of the (110) surface, as 

determined through different surface preparation procedures. 

Small gold particles such as those used in the work presented here, consisting of only a few 

atoms on the (110) surface, have been studied by Matthey et al. using both STM and density 

functional theory (DFT) modelling. In their work, differences in the nucleation behaviour of 

gold on a reduced TiO2(110) surface, a hydroxylated surface and an oxidised surface were 

investigated [15]. The reduced surface consists of bridging oxygen vacancies created 

through annealing under UHV. Such a surface can then be exposed to water to 

dissociatively form bridging hydroxyl groups, thereby forming the hydroxylated surface. The 

oxidised surface is formed through exposure of the reduced surface to molecular oxygen.  

The spatial distribution of gold is observed to be homogeneous on both the reduced and the 

oxidised surfaces, with small heights assigned predominantly as gold single atoms or 
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trimers. Larger clusters are formed on the hydroxylated surface, and they tend to be grouped 

at step edges, which are kinetically and electronically more reactive towards adsorbates.  

Matthey’s STM data indicates that gold particles have a stronger interaction with oxygen 

vacancies than with the hydroxyl groups on the rutile (110) surface. However, while other 

experimental work agrees with this interpretation [16], Kelvin probe force microscopy 

(KPFM) data by Chung et al. shows a stronger interaction with hydroxyls [17]. Recent work 

by Iachella et al. directly observes the promoting effect that surface hydroxylation has on the 

adsorption of gold on both stoichiometric and partially reduced (110) surfaces [18]. This 

serves to emphasise the high importance of surface preparation and resulting molecular 

groups in catalytic reactions.  

As the band gap of rutile TiO2 is 3 eV, high energy photons are typically needed to create 

the electron-hole pairs necessary to achieve photocatalytic reactions. However, doping the 

material with ions can serve to lower the band gap sufficiently, for facile excitation using UV 

radiation or even visible light. This can also create electronic states within the band gap. 

Doping titanium dioxide in this way has been studied in detail as detailed in various reviews 

[19, 20, 21].  

Reactions of organic molecules such as benzoic acid on photo-excited titania surfaces are 

believed to proceed through a hole scavenging mechanism as follows: Upon 

photoexcitation, electrons are transferred from the valence band (VB) to the conduction 

band (CB) of rutile.  The excited electrons in the conduction band are then transferred to O2 

forming O2×− (a superoxide anion radical), which decreases the electron-hole recombination 

rate [22]. For example, the first step in the photo-oxidation of ethoxides to acetaldehyde on 

the rutile TiO2(110) single crystal surface involves the removal of a hydrogen atom from the 

α-carbon group under UHV conditions. The rate of this photoreaction was observed to 

increase with higher pressures of oxygen background gas and eventually lead to the 

oxidation of surface carboxylates (as monitored using XPS measurements of the C 1s peak 

at about 289 eV). A similar mechanism is also seen with powder catalysts, wherein the 

photo-oxidation of primary and secondary alcohols, as well as ketones, leads to the 

formation of carboxylate species as observed using in situ IR spectroscopy (by monitoring 

the na and ns signals of the COO group in the 1580 and 1350 cm-1 region) [23]. 

Benzoic acid is of particular interest as a model of larger, more complex carboxylates such 

as those molecules used to anchor dye molecules to the oxide surface [24], or carboxylic 

acids that are components of atmospheric pollutants that can be degraded over titania [25]. 

In addition, benzoate is interesting from a fundamental viewpoint, as it has properties 
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including nX* electronic states and the ability to act as both a hydrogen donor and acceptor, 

which can lead to different photodynamics of the coated (110) surface.  

The doping of titania	surfaces with metallic nanoparticles can also benefit photocatalysis in a 

variety of ways: the nanoparticles can act as charge traps for the electrons or holes, and 

plasmonic properties can even be tailored to allow absorption within the range of visible 

light. Plasmons are classically interpreted as an oscillation in the density of free electrons, 

with respect to the ions on the surface. This is commonly formed as a result of dipoles 

induced in a material from incident electromagnetic radiation. Of particular interest for gold is 

the role of localised surface plasmons (LSPs), which occur when incident light couples to 

surface plasmons at the metal-dielectric interface.  

In this study, we build on the complexity of the model catalyst systems investigated in the 

previous two chapters, co-adsorbing both a molecular monolayer and metallic nanoparticles 

and observing the interaction with incident UV and visible light photons. STM was used to 

study the photodynamics of benzoic acid as a prototype hole-scavenger organic molecule 

adsorbed on the rutile TiO2(110) surface, alongside gold nanoparticles vapour-deposited on 

the clean reduced (110) surface and building on the work in the previous chapter of this 

thesis. Complementary DFT calculations are currently being undertaken by collaborators to 

gain further insight into the photoreaction of benzoates on the partially hydrated (110) 

surface. The behaviour of the clean (110) surface was contrasted to a gold-loaded surface, 

whereby gold was pre-deposited onto a partially hydrated (110) surface at submonolayer 

coverages. 

6.2 Experimental Procedure 

Experiments were undertaken in a UHV system separated into two chambers by a gate 

valve. The analysis chamber has a base pressure of 1 x 10-10 mbar and houses a SPECS 

Aarhus HT-150 variable temperature STM, a sputter gun and an e-beam sample heater for 

sample preparation. The auxiliary chamber is kept at a base pressure of 5 x 10-10 mbar and 

contains a precision leak valve for the dosing of benzoic acid. UV-visible light irradiation was 

conducted through a boron silicate UHV window in the auxiliary chamber, using a Xenon Arc 

300-W MAX-303 Asahi Spectra Xe lamp. The lamp delivered 690 mW cm-2 over a range of 

wavelengths from 320 - 630 nm, with a spectral distribution captured using a Spectral 

Evolution SR-500 spectroradiometer as shown in Figure 6.1. The power output equates to a 

flux of around 1.64 x 1018 photons s-1 cm-2 on the sample surface. The temperature change 

during illumination was minimal, estimated to be an increase of around 2 – 5 K.  
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Figure 6.1: Radiometric profile of the Xe lamp used to irradiate the benzoate-covered rutile (110). 

A rutile (110) single crystal of dimensions 10 x 5 x 2 mm3 was used in this work, as 

purchased from Matek. The crystal was held in place on a tantalum sample plate using two 

spot-welded tantalum strips. In order to prepare the TiO2(110)-(1 x 1) surface under UHV 

conditions, cycles of Ar+ sputtering (10 – 15 min, 1 keV, 5 µA, PArgon = 1 x 10-5 mbar) and 

UHV annealing (10 min, 950 K) were carried out until a flat, contaminant-free surface was 

seen, as verified by STM imaging. During preparation, the clear rutile crystal turns a deep 

blue colour, indicative of approximately 0.05 monolayer (ML) bridging oxygen vacancies 

[26]. A monolayer is defined as a fraction of the number density of Ti5c sites on an ideal 

planar surface, at 5.2 x 1014 Ti atoms cm-2. The surface was considered clean once a 

minimal coverage of large contaminant species (roughly 0.005 ML or below) was visible 

using STM, with characteristic steps and a surface unit cell of 3 x 6.5 Å2. The surface was 

subsequently hydroxylated through exposure to residual water present in the UHV chamber. 

The hydroxylated TiO2(110) surface was selected for investigation because it is a stable 

surface and is representative of the (110) facets seen in polycrystalline materials. Calibration 

of the three STM piezos (x, y and z piezos) was carried out using the size of the rutile 

surface unit cell and the known step height of 3.25 Å. 

The STM tip was fabricated by electrochemically etching a 0.2 mm diameter tungsten wire. 

Prior to recording measurements, the tip was conditioned using repetitive pulses of +5 V 

sample bias until atomic resolution was attained. Benzoic acid (99.9%, Sigma-Aldrich) was 

contained in a glass vial attached to a gas manifold, and this was dosed onto the sample by 

backfilling the auxiliary UHV chamber using a high precision leak valve. Prior to dosing, the 

benzoic acid was purified by pumping the vial and acid for 48 hours or longer using a 

turbomolecular pump. Benzoic acid is a crystalline solid at room temperature, so to build up 

sufficient pressure in the gas line a baking tape was used to heat the gas manifold and leak 

valve. Once the solid acid was sublimed by submerging the vial in a bath of hot water (~360 

K), the baking tape was employed to maintain the acid at temperature (~350 K) and avoid 
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condensation on the interior walling of the gas lines. The purity of the gas was monitored 

during dosing through RGA mass spectrometry. Exposures of benzoic acid in this body of 

work are quoted in Langmuir (L) (1 L = 1.33 x 10-6 mbar s), where the uncompensated 

chamber pressure was roughly 4 x 10-9 mbar.  

Gold was deposited onto the sample surface under UHV at room temperature, through 

physical vapour deposition of an ultrahigh purity gold wire (Goodfellow) wrapped around a 

filament that was resistively heated. The sizes of gold clusters were monitored over time at 

room temperature, and no size or morphological changes were observed. The gold 

coverage is defined as a fraction of the coverage of gold atoms on the Au(111) surface, with 

a full monolayer defined as 1.387 x 10-15 atoms cm-2.

6.3 Results and Discussion 

6.3.1 Gold and Benzoic Acid Adsorption on Rutile TiO2(110)-(1 x 1) 

The as-prepared rutile TiO2(110)-(1 x 1) surface has been discussed comprehensively in the 

previous chapter, with STM images displaying a surface dominated by bright hydroxyl 

features at a coverage of 0.1 ML [27], as demonstrated in Figure 6.2(a). Dosing 10 L of 

benzoic acid results in a near-pristine (2 x 1) monolayer of 0.48 ML benzoate molecules 

adsorbed in a dissociative bidentate binding geometry, shown in Figure 6.2(b). The 

adsorption of the benzoate overlayer is also discussed in the previous chapter, including the  

 

Figure 6.2: STM images showing (a) the clean rutile TiO2(110)-(1 x 1) surface with a 50 x 50 Å2 inset 

showing the bright bridging hydroxyl features observed (VS = +2.1 V, It = 0.03 nA), and (b) the 

benzoate (2 x 1) overlayer formed following deposition of benzoic acid, with a 100 x 100 Å2 inset 

showing the ordering and empty benzoate sites that are seen in an otherwise pristine monolayer. 
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occasional manifestation of empty benzoate sites and grain sizes that are indicative of 

strong intermolecular interactions [187]. Benzoate molecules are seen to diffuse between 

consecutive STM frames, and these have been mapped to give a proportion of molecules 

that are mobile at room temperature, calculated to be at an average of 8 % on the benzoate-

dosed (110) surface over a timeframe of 120 seconds. 

Gold deposited on the clean surface of the rutile TiO2(110) was imaged at room temperature 

to give a coverage of around 0.125 ML, as shown in Figure 6.3(a). Subnanometer 

hemispherical features are identified as gold clusters according to previous work, and these  

 

Figure 6.3: Large scale STM images of the gold-loaded rutile (110) surface before and after dosing 

benzoic acid: (a) A typical rutile (110) surface following gold deposition of 0.12 ML, (VS = +2.2 V, It =  

0.03 nA); (b) The same surface after dosing benzoic acid (VS = +2.0 V, It =  0.03 nA). (c) shows the 

height distribution of gold species on the surface before benzoic acid is dosed, in blue, and after 

dosing in red. Inset shows corresponding line profiles of the average gold species before (blue) and 

after (red) benzoic acid dosage, to highlight the difference in sizes. 



Chapter 6: Benzoic Acid and Gold on Rutile Results and Discussion 

169 

are formed at room temperature through surface diffusion and nucleation [29, 30, 26]. Before 

dosing the surface with benzoic acid, the majority (over 90%) of clusters seen are monomers 

or trimers, as previous work has shown, using DFT calculations and STM measurements, 

that dimers are far less likely to form on the (110) surface at room temperature than trimers 

[15]. The prevalence of monomers and trimers prior to dosing the acid is evidenced through 

the height distribution shown in blue in Figure 6.3 (c). The heights were assigned as 

monomers and trimers according to literature values, at heights of approximately 2 Å and 3 

Å respectively, on the hydrated and reduced TiO2(110) surface [15]. The line profile of a 

typical gold species on the surface, such as the one highlighted by the blue line in Figure 

6.3(a), is shown in the inset of Figure 6.3(c), also in blue.  

The gold-loaded TiO2(110) surface was exposed to benzoic acid (10 L), and a highly ordered 

(2 x 1) benzoate overlayer still forms, as described above for the clean (110) surface, and is 

shown in Figure 6.3(b). After dosing benzoic acid, the gold agglomerates to form larger 

clusters, and the majority (95%) are subsequently trimer species or larger. This shift in the 

size of the gold species is clearly seen using STM and is demonstrated through the 

difference in the height distributions before and after dosing, with the size distribution after 

benzoate deposition plotted in red in Figure 6.3(c). This is also highlighted by the inset line 

profiles, with the larger profile (in red) showing the typical size after benzoic acid adsorption, 

for 0.125 ML of gold on the clean (110) surface. This could suggest that benzoic acid 

molecules on the surface have enough binding energy to enable gold atoms, trimers and 

perhaps some other small species to be displaced and overcome the energetic barrier to 

diffusion, until they agglomerate to form larger clusters with higher adsorption energies. The 

adsorption energy of the benzoate molecule is expected to be around -2.0 eV per molecule 

[31], but DFT calculations are currently underway to contrast this to the gold adsorption 

energies and further investigate this interesting phenomenon. 

Step edges also appear to halt the diffusion of these clusters, as most of the gold species 

can be found nucleated at steps, which has been previously been attributed to the effect of 

hydroxyl groups nucleated at step edges. In fact, as hydroxyl species are formed through the 

dissociative adsorption of benzoic acid, it is more probable that it is these hydroxyls that 

serve to displace the gold atoms and smaller species, rather than the benzoate molecules. 

This has been seen to occur via STM in the literature, wherein hydroxyl groups have been 

observed to displace gold atoms from oxygen vacancies where they preferentially adsorb 

[31]. Therefore this mechanism involving hydroxyls may well lead to the diffusion and 

agglomeration of the gold seen here.  
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6.3.2 Effect of Gold on the Photodynamics of Benzoate on TiO2(110) 

As covered extensively in the previous chapter, empty benzoate sites are formed when the 

(2 x 1) overlayer is exposed to UV and visible light, appearing as dark patches on the (2 x 1) 

monolayer. The coverage of benzoate is used as a metric to measure the rate of the photo-

induced surface reaction, which is likely to be an oxidation of the benzoate species. The 

presence of gold on the surface does not appear to stop the photoreaction, as evidenced by 

Figure 6.4(b), but the rate of production of empty sites does appear to be greatly reduced in 

the presence of 0.125 ML gold.  

 

Figure 6.4: STM images showing the benzoate overlayer after 3 minutes of full spectrum light 

exposure, taken of (a) the bare benzoate-covered TiO2(110) (VS = +2.0 V, It = 0.03 nA) and (b) the 

gold-loaded benzoate TiO2 surface (VS = +2.0 V, It = 0.04 nA), to contrast the differences seen in the 

coverage of both. (c) is a scatter plot further highlighting the differences in coverage seen between 

the gold-loaded surface (shown in yellow) and the bare benzoate layer (in red) after differing UV 

irradiation times.  



Chapter 6: Benzoic Acid and Gold on Rutile Results and Discussion 

171 

Typical coverages of the benzoate overlayer, after three minutes of exposure to the full 

spectrum light source, are shown in Figure 6.4(a) and Figure 6.4(b), for the bare benzoate 

layer and the gold-doped surface respectively. There is a clear reduction in the number of 

empty sites seen after irradiating the gold-doped surface, suggesting that an additional 

reaction pathway has opened up for the charge carriers created upon photo-excitation when 

gold is present. This is further highlighted in Figure 6.4(c), which is a scatter plot showing the 

change in coverage of the benzoate layer after different irradiation times, in order to contrast 

the two surfaces. The differences in the rate of depletion are plain to see, with gold resulting 

in a much slower photoreaction. This seems to be best described using second order 

reaction kinetics, as determined by plotting the rate according to different reaction kinetics 

and applying linear regressions. The bare surface has the best fit when first order kinetics 

are modelled to the reaction rate.  

While not wholly conclusive, the difference seen in the rates of photoreaction is suggestive 

of differing mechanisms due to the presence of gold particles. However, it is important to 

note these results in the context of the work of the previous chapter; namely the observation 

that different wavelengths of light appear to lead to different surface mechanisms on the 

bare benzoate layer. It may be the case that the gold-loaded surface also has changed to 

the photoreaction process that are wavelength-dependent, and further experimentation 

should be carried out to explore this further. There may also be differing results depending 

on the coverage of gold employed, which is linked to the size of gold particles; there are 

many examples in the literature exploring a shift in the chemical and electronic properties of 

gold nanoparticles that occurs when particles are reduced below 4 Å in height [7, 8, 10], 

which is around the height of gold particles used in this work. Some coverage-dependent 

effects are explored in more detail below. 

An interesting phenomenon is observed in the benzoate layer following irradiation, whereby 

‘chains’ of consecutive empty benzoate sites seem to preferentially form, aligned either 

perpendicular to the Ti5c rows (in the [11$0]) or in parallel the rows (in the [001]). Examples of 

these chains are presented in Figure 6.5(a) and (b). This type of ‘collective behaviour’, in 

which the desorption of one molecule affects the desorption of neighbouring molecules, has 

been seen before on titania surfaces. For example, Dulub et al. demonstrate that the 

electronic excitation of an ordered overlayer of oxygen molecules on the TiO2(011)-(2 x 1) 

surface, leads to the subsequent desorption of oxygen molecules [32]. This process forms 

vacancies in the ordered molecular adlayer, and oxygen vacancies in the underlying TiO2 

lattice that are aligned in one-dimensional, anisotropic arrays. The formation of one vacancy 

has a strong effect on molecules near to the vacancy, with the probability of desorption for 
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the nearest and next-nearest neighbour molecules being reduced by a factor of 100 and 10 

respectively.  

The physical origin of this effect, in significantly reducing the probability of desorption for 

neighbouring molecules, is attributed to excess electrons that are associated with the TiO2 

oxygen vacancy. Despite being localised on nearby titanium ions, it is postulated that these 

extra electrons quench the electronic excitation mechanism by effectively screening the hole 

that is created via photoexcitation. Screening the hole thereby disrupts the excitation 

mechanism that would otherwise lead to the photodesorption of a neighbouring oxygen 

atom. It is well known that the lattice of an ionic crystal is dynamically distorted during a 

desorption event [33], and this likely also enhances the effect that leads to the anisotropy 

seen in these results, by causing electrons to flow towards an oxygen atom as it is desorbed 

from the surface. Following a series of desorption events, one-dimensional arrays, or chains, 

of oxygen vacancies are left on the surface, which also might be a result of the structural 

distortions induced by the desorption events. Dulub et al. conclude that the strong anisotropy 

in the bonding geometry of the surface is vital in leading to the anisotropic alignment of 

these defects.  

The excitation mechanisms underpinning the above reaction are likely to be different from 

the photoreactions that the benzoate molecules go through in this body of work, but the 

pivotal role of structural distortion of the lattice, and the effect of defect states on the surface 

chemistry are important factors to take into consideration when assessing the 

(photo)excitation of molecules adsorbed on titania surfaces. The anisotropic alignment of 

defects is also commonly reported on the TiO2(110) surface, and can lead to corresponding 

anisotropic structures in adsorbed molecules, such as surface hydroxyl groups forming one-

dimensional arrangements [34]. In fact, the presence of adsorbed molecules can lead to 

dramatic changes in the defect structure of the (110) surface in and of itself, leading to 

interactions such as the surface segregation of polarons [35] and other defects such as 

titanium interstitial ions, which have been suggested to migrate towards benzoate molecules 

on the (110) surface, forming TiOx islands during thermal decomposition [36]. All of these 

factors may influence the photoreaction mechanism of benzoates on the (110) with and 

without gold co-adsorbed, including the formation of chains of empty sites. 

A distinct change in the orientation of these one-dimensional arrays of benzoate empty sites 

appears after irradiation when gold is co-adsorbed on the surface. Comparing the ratio of the 

number of chains in the [001] direction to the number of chains in the [11$0] direction, the 

bare benzoate layer has an equal number of chains in both directions, showing a lack of 
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anisotropy; however, on the gold-dosed surface, there are up to four times as many chains 

oriented in the [001] direction, parallel to the Ti5c ions that run along the (110) surface. This 

effect can be seen qualitatively by comparing Figure 6.5(a) and (b), which show the bare 

and the gold-doped surfaces respectively after irradiation, with images selected to display 

similar coverages of benzoate for direct comparison. This is further evidenced by the scatter 

plot in Figure 6.5(c), which plots the change in this ratio for the two surfaces as 

 

Figure 6.5: Images taken of the benzoate overlayer following irradiation, with images of similar 

coverages selected for structural comparison of the monolayer with and without gold co-adsorbed on 

the surface, that is partially pre-hydroxylated through exposure to ambient water molecules. (a) shows 

the bare benzoate / (110) surface after three minutes of exposure and (b) shows the gold-doped 

surface after thirty minutes of irradiation (both images recorded at VS = +2.0 V, It = 0.03 nA). (c) is a 

scatter plot comparing the direction of ‘chains’ of empty benzoate sites at different irradiation times for 

the two surfaces, by recording the ratio of the number of chains along the [001] to those oriented 

along the [11"0]. There is a dotted line inserted at [001]:[11"0] = 1, which indicates the point at which 

chains are observed as occurring at an equal proportion in both directions. The values for the bare 

surface are plotted in red and the gold-loaded surface in yellow 
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exposure times are altered. There is a dotted line superposed at [001]:[11$0] = 1, which 

represents the point at which chains are equally likely to be seen in both directions. As 

plotted, the bare surface maintains an equal proportion of each direction throughout, 

whereas the gold surface displays a distinct preference for the alignment of empty sites 

along the [001]. Similar total numbers and distributions of lengths of empty site chains are 

seen on the two different surfaces when assessed at equivalent benzoate coverages. 

Although it may play an active role in the underlying mechanism behind the creation of 

chains, the anisotropic conductivity in rutile along [001] cannot adequately explain this 

anisotropic phenomenon in its entirety [37]. If this was the sole driving physical mechanism, 

we should also see a preference in the orientation of the chains of empty sites on the 

undoped benzoate layer too. It could be that the addition of the benzoate monolayer blocks 

or alters this anisotropy, as through DFT modelling it has been shown that the adsorption of 

benzoic acid causes a strong relaxation of sub-surface layers of the (110), leading to 

disruption of the Ti-O electronic hybridisation [31]. This would suggest that the interatomic 

charge transfer of photoexcited electrons, between surface oxygen and titanium ions, 

becomes anisotropic because of the presence of gold specifically.  

A physical mechanism behind this might involve the hybridisation of the gold, titanium and 

oxygen electronic orbitals. For example, anisotropic effects have been seen in the literature 

when monitoring the deposition of metal cations on a semiconductor surface under 

illumination, with anisotropic behaviour attributed to the polarization of the surface by the 

incident electric fields [38]. However, without calculations or angle-resolved spectroscopy 

measurements to corroborate this theory, it is equally as likely that the presence of gold 

blocks the propagation of electron wavefunctions in one crystallographic direction (the 

[11$0]), rather than encouraging propagation in the [001]. Similar hybridisation effects, and 

the resulting band structures that are produced, have been used to explain the origins of 

photochemical anisotropy that is observed in SrTiO3 [39]. Through such electronic 

interactions, gold may act as an electron sink, or perhaps a trap for holes, depending on the 

exact mechanism driving the benzoate photoreaction. For example, when excited by 600 nm 

light, a plasmon resonance can be observed on TiO2(110), with a peak signal for large 

nanoparticles of 4.4 nm diameter at coverage of around 5 ML; this type of resonance results 

from a collective oscillation of electrons that can lead to the generation of more electrons 

and holes for use in photoreactions [40, 41]. Further, it might be the case that the light is 

polarised by its transit through the UHV window, which could also give rise to anisotropic 

effects via plasmonic resonance.  
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Anisotropic effects have previously been observed in the (2 x 1) overlayers of other 

carboxylate species on the (110) surface, and the origin of the anisotropic formation of the 

chains of empty benzoate sites could also reside in similar mechanistic effects. One such 

study uses STM to investigate a formate monolayer on the (110) surface and records the 

anisotropic diffusion of formate ions along the Ti5c ions [42]. This study maintains that there 

is a repulsive force between molecules neighbouring each other along the titanium rows that 

drives the formate molecules to migrate along the rows, while an attractive force between 

molecules on adjacent titanium rows plays a role in regulating the overlayer structure. Given 

that the previous chapter in this work discusses the strong intermolecular forces present 

between benzoate molecules in the monolayer, it could well be that similar kinetic effects 

lead to a less stable adsorption geometry of benzoate molecules adjacent to an empty site, 

leading to a higher probability to form an empty site.  

It has been posited that hydroxyl groups on the surface mediate benzoate intermolecular 

attractions [187], perhaps through the formation of stabilizing hydrogen bonds; if this is the 

case, it may be that the photoreaction leading to a benzoate empty site also depletes a 

nearby hydroxyl group or groups, which would further corroborate the destabilisation of 

nearby benzoates. This effect may be anisotropic if hydroxyls only serve to mediate 

intermolecular forces in one direction.  

The most plausible reaction mechanism for the photoreaction of the benzoate is the 

following. 

C(H3COO − Ti
[\ 	+ 	OH(a)

hn
→ C(H((g) ↑ +	CO*(g) ↑ +	Ti

[\ 	+	O*a(s) (6. 1) 

Equation (6.1) will proceed via the following steps.  Initially, the adsorption of a photon (hv) 

generates an e-h pair.  Because the oxidation potential of benzoic acid (bonded to the Ti4+ 

surface ion as benzoate) is favourable between the valence band and conduction band 

energy levels, electrons may be injected into the valence band (constituting hole trapping).  

This will result in the breaking of the C-C bond between the functional group (-COO(a)) and 

the aromatic ring, thus releasing CO2 and leaving a C6H5× radical. A similar bond scission 

mechanism has been recently hypothesised to occur during the conversion of ethylbenzene 

on the (110) surface, and it has been suggested that the scission can be triggered either by 

heat or UV light [43]. The electrons at the conduction band further react with the proton of a 

surface hydroxyl, forming an H× radical which recombines with the C6H5× radical to produce 

the C6H6 in the products of equation (6.1).  The presence of gold clusters has two main 

effects on the photoreaction with the benzoate monolayer: it decreases the reaction rate and 
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makes the reaction more directional.  These two effects might be linked.  The following 

equation describes the competing reaction with equation (6.1). 

2	C(H3COO − Ti
[\ 	+ 	2	OH(a)

hn
→

C(H3 − C(H3	(g) ↑ +	2	CO*(g) ↑ +	2	H*(g) ↑ 	+2cTi
[\ 	+ 	O*a(s)d	

(6. 2). 

Excited electrons, in the presence of gold, may preferentially diffuse to available particles on 

the surface of TiO2, creating a negative charge on gold nanoparticles. This charge would 

provide the needed electric field to induce the diffusion of positively charged protons (of 

surface hydroxyls) along the [001] direction.  Benzoates that inject electrons into the TiO2 

valence band upon photoexcitation, and as described previously, lose a CO2 molecule to 

form a C6H5× radical, have less opportunity to combine with H radicals (as a large fraction of 

them would have migrated to gold clusters due to their negative charge, forming an 

electrostatic attraction). Instead, these C6H5× radicals will recombine with each other to give 

bi-phenyl, with much slower reaction rates and predominantly along the [001] direction 

because of the closer proximity of molecules.  

Surface hydroxyl groups are also reported to stabilise gold clusters [15, 18]. There are 

ongoing DFT calculations being carried out to further investigate this, and further work 

planned in assessing the surface reaction of the benzoate, likely through temperature-

programmed desorption studies. The diffusion of molecules in the presence of gold is 

discussed in detail below.  

6.3.3 Mechanistic Effects of Gold on Benzoate on TiO2(110) 

Diffusion kinetics can offer mechanistic insights into surface interactions between the 

benzoate molecules. A metric of this can be recorded as described in the previous chapter, 

through taking consecutive STM images of the same area of the surface to form a stop 

motion ‘movie’; using this, the position of empty sites can be tracked between consecutive 

frames. The effect of gold on the diffusion of benzoate molecules can be recorded as shown 

in Figure 6.6, to give a percentage of molecules that are mobile on the different surfaces. 

The images have been taken long after the surface has been irradiated with full spectrum 

light (after an hour or more of thermal stabilisation to prepare for STM imaging). Images 

displaying equivalent benzoate coverages were selected for the bare and gold-doped 

surfaces, to eliminate any solely coverage-dependent effects on the diffusion kinetics seen 

with and without gold. 
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Analysing a series of images such as those displayed in Figure 6.6 shows a striking 

difference between the diffusion kinetics on the gold-loaded surface (at 0.075 ML gold in this 

instance) compared to that of the bare benzoate layer: the proportion of mobile molecules 

does not appear to increase significantly from the 8 % mobile species seen on the near-

pristine non-irradiated surface. This is in contrast to the non-gold-doped surface, which 

displays a threefold increase in mobility from 8 % to 24%. This suggests that the benzoate 

molecules are more strongly adsorbed to the surface in the presence of gold (at 0.075 ML  

 

Figure 6.6: Two sets of STM images showing a succession of frames of the same area of the surface, 

taken 120 s apart to monitor the diffusion kinetics of benzoate molecules by mapping the differences 

in position of the empty sites. Images of similar numbers of empty sites have been selected to 

determine differences between the gold-doped and bare benzoate monolayer, with coverages of 0.11 

ML and 0.09 ML of empty sites respectively for the bare and gold-doped surface shown here. Both 

sets of images show the benzoate coverage after the surface has been irradiated. (a) displays the 

bare benzoate layer long after the surface was exposed to three minutes of irradiation (VS = +2.0 V, It 

= 0.03 nA), and then on the right-hand side the same surface following 120 s, in the absence of light, 

and (b) is the gold-doped surface with 0.075 ML coverage, after exposure to 45 minutes of irradiation 

(VS = +2.0 V, It = 0.05 nA), with the right-hand image showing the same surface after a 120 s ‘frame’ 

in the absence of light. Green circles represent empty sites that have remained immobile, red points 

are ‘new’ empty sites that appear in the second frame, and blue circles are points that had an empty 

site in the first frame but are now occupied. (VS = +2.0 V, It = 0.02 nA). 
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coverage), or that other intermolecular forces, that may drive diffusion, are weaker or remain 

in equilibrium. 

This observation is interesting, and we can build on the hypothesis of the previous section, 

that gold particles on the surface may attract surface hydroxyl groups, or otherwise deplete 

the species from other areas of the monolayer, to explain this change in diffusion dynamics. 

Considering that hydroxyls are likely to increase intermolecular bonds between benzoates 

on the (110) surface, it may be that these intermolecular forces cause molecules to diffuse 

more readily. Therefore, without nearby hydroxyls, there is less drive for the hydroxyl-

assisted diffusion. Alternatively, if benzoate intermolecular forces are strong as a result of 

long-range strain fields, which has also been suggested in the literature [45], it may be that 

the introduction of gold disrupts these strain fields, leading to weaker repulsive 

intermolecular forces and a stronger net attraction to the surface. However, the grain sizes 

seen on the gold-doped surface do not appear to change in size, indicating that perhaps 

there is no reduction in the strength of the repulsive intermolecular forces upon the 

introduction of gold. It may also be that gold captures excess electrons, and that if these 

electrons play a role in the diffusion of benzoate molecules when photoexcited, these would 

then be depleted and mobility would decrease in the presence of gold.  

In order to determine whether the size of gold particles might influence the photoreactivity of 

the benzoate monolayer, two different gold coverages were used as an initial survey. A 

lower coverage of 0.08 ML and a high coverage of 0.12 ML gold were prepared on the 

surface, with the high coverage equal to the gold loading used in the beginning of this 

chapter. These coverages resulted in different average sizes of gold, with the lower 

coverage having species around 5-6 Å high, and the higher loading leading to greater 

heights, from 6 to 10 Å. The surfaces were each irradiated by a full spectrum Xe lap as used 

previously in this chapter, and coverages were tracked over time and compared to the bare 

benzoate layer as shown in Figure 6.7.  

The example images in Figure 6.7 are all taken after three minutes of irradiation, and (a), (b) 

and (c) all show a qualitatively similar benzoate coverage. There is a slight variation in the 

photoreaction rates, following a broad trend that shows a faster rate of reaction with a lower 

loading of gold, as emphasised by the line graph in Figure 6.7 (d). 
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Figure 6.7: STM images showing the benzoate overlayer before and after three minutes of full 

spectrum irradiation, with the top image of each set showing the gold and benzoate surface pre-

irradiation, and the bottom image showing a different area of the same surface following irradiation. 

Each set displays surfaces with different gold coverages, with (a) no gold on the surface, (b) a lower 

coverage of 0.08 ML, and (c) a high coverage of 0.12 ML. (d) is a line graph showing how the 

benzoate coverage changes with irradiation time for the different surfaces, with the bare surface in 

red, the low gold coverage in blue, mid in green and high in yellow. All images taken at scanning 

parameters VS  = +2.0 V, It = 0.03 nA .
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At these short timeframes, it is noteworthy to mention that the bare and lower-loaded gold 

surfaces all seem to follow the same trend in the formation of empty benzoate sites. The 

higher loading has been discussed at length throughout this chapter, and shows a slower 

photoreaction rate, particularly at longer irradiation times. The higher loading appears as 

though it is likely to photoreact with a more time-intensive and complex mechanism than the 

bare surface, that may well involve interactions with surface hydroxyl groups. It should be 

noted that the results with different loadings merit repeat experiments to check the 

observations and try even lower coverages, potentially building upon the method to image 

whilst irradiating the surface in situ.  

6.4 Conclusions and Future Work 

The effect of gold nanoparticles on the adsorption, diffusion, and photoexcitation of benzoic 

acid has been investigated on the rutile TiO2(110)-(1 x 1) surface at 300 K, using STM. A 

gold coverage of 0.125 ML was primarily studied, although different loadings were also 

explored briefly to gain insight into potential size-dependent effects.  

As with the clean TiO2(110) surface, dosing gaseous benzoic acid onto the gold-loaded 

surface forms an almost pristine (2 x 1) benzoate monolayer, consistent with a bidentate 

binding geometry exhibiting strong intermolecular forces. However, the benzoate molecules 

do cause smaller gold particles to agglomerate into larger species, suggesting that the 

binding energy of the dissociated hydroxyls is comparable to the adsorption energy of the 

gold species, and larger than the energy for smaller gold particles. DFT calculations are 

currently underway to further elucidate this mechanism, as well as to corroborate other 

findings within this work, summarised below.  

The photoreaction of the gold-loaded surface results in the formation of benzoate empty 

sites, also in a way that appears to resemble the behaviour of the undoped surface. This is 

likely to occur through photo-oxidation of the benzoate molecules. However, there are some 

distinct differences observed as a result of the presence of gold on the surface that can offer 

insights into the behaviour of benzoate, as a model organic molecule, as well as the role of 

gold in surface (photo)reactions. The rate of formation of benzoate empty sites is taken as a 

measure of the photoreactivity of the surface, for comparison between different irradiation 

times and the loaded / bare surface. 

One such difference is the anisotropic photodynamic behaviour of the model surface, that is 

observed only upon the addition of gold. This manifests as chains of empty sites that align 
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preferentially in the [001], parallel to the rows of Ti5c surface atoms; on the bare benzoate 

layer, there are equal numbers of chains in the [001] and [11$0]. A number of potential 

mechanisms underpinning this have been suggested, including: an anisotropic hybridisation 

of gold and TiO2 electronic orbitals, linked to the anisotropic conduction present in the (110) 

surface; structural distortions of the crystal lattice during a desorption or photoreaction 

process; and excess electrons associated with benzoate empty sites. The most likely 

hypothesis involves the presence of surface hydroxyl groups, and their active participation in 

the photoreaction. It is suggested that the presence of gold somehow leads to the depletion 

of hydroxyls, or blocks them from participating in the photoreaction, forcing the photo-

depletion of the benzoate layer to proceed through a much slower reaction. This could well 

be the case if gold is acting as a sink for hydroxyls in addition of attracting excited electrons 

from TiO2, or for excess electrons that result from defect states on the (110) surface.  

The role of hydroxyls may also explain differences in the thermal diffusion behaviour of 

benzoate molecules, seen post-irradiation: the gold-loaded surface seems to limit the 

diffusion of benzoate molecules when compared to the bare benzoate overlayer, which 

exhibits a three-fold increase in diffusion events. Hydroxyls are thought to play an important 

role in mediating intermolecular forces within the adlayer, and these forces are likely to be a 

driving mechanism behind molecular diffusion. It is probable that the physical origins of the 

anisotropic photochemistry of the gold-doped surface, in which a hydroxyl-mediated reaction 

is blocked, also accounts for the decrease in mobility; once again, the participation of 

hydroxyl species is somehow obstructed. DFT calculations are currently being carried out to 

further illuminate the physical origins of the photoelectron anisotropy as well as the diffusion; 

it is expected that further understanding of electronic structure calculations, as well as 

intermolecular interactions, will be conclusive in determining a reaction mechanism more 

precisely.  

As mentioned previously, at 0.125 ML gold coverage the benzoate layer is depleted at a 

much slower rate following full spectrum irradiation, suggesting that gold induces a different 

photoreaction mechanism on the surface, or blocks the dominant mechanism for the bare 

benzoate surface. Through this, another slower mechanism determines the reaction process 

instead. This was rather unexpected, as it was assumed that gold would play a catalytic role 

in the photoreaction; to explore this further, different gold coverages, with correspondingly 

different heights of average gold species, were compared following irradiation. There was 

indeed a size-dependent effect seen, with smaller coverages potentially leading to a faster 

reaction mechanism. It may therefore be suggested that at smaller heights, gold acts as an 

electron scavenger.  
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This work explores the role of hydroxyls and other surface species in photoreactions, 

emphasising that the preparation of a catalyst and oxide support is paramount. 

Intermolecular forces within organic adlayers is likely an important factor, particularly for 

more complex molecules that exhibit features such as phenyl rings and other functional 

groups. Gold is shown to have strong size-dependent effects, which have a corresponding 

impact on the electronic structure and other species present on the (110) surface.  

As mentioned throughout this work, future work will include DFT calculations to help 

determine the fundamental physical effects driving the photoreactions discussed here, and 

chemically sensitive techniques such as temperature programmed desorption and infrared 

spectroscopy will be instrumental in understanding the reaction mechanism. Further 

spectroscopies, such as femtosecond time-resolved laser studies, should also be employed 

to investigate electron-hole photodynamics. 

As with all model systems, once a fundamental understanding has been reached, the 

complexity of the system can then be increased in order to further bridge the gap to real-

world industrial environments. One way to achieve this would be to monitor the surface with 

additional species co-adsorbed, such as water and oxygen, and to compare these results to 

less-controlled, powder catalysts in practical conditions such as at high temperature and/or 

pressures.  
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Conclusions and Future Work 

Surfaces of titania have been investigated in this thesis. Surface science techniques of 

scanning tunnelling microscopy and spectroscopies have been used to understand rutile 

TiO2 (110) and anatase TiO2 (101) model catalyst systems with differing complexities. 

First, the nucleation of gold atoms was studied at low temperature (78 K) and at room 

temperature on the anatase (101) system.  Monomers, dimers and trimers were definitively 

assigned with STM using in situ gold dosing, and the pivotal role of subsurface oxygen 

vacancies in the surface reactivity of the (101) surface is discussed. Preferential adsorption 

of gold atoms is seen towards the subsurface vacancies, and this also induces a band gap 

state in the surface that seems to be localised at the edge of gold nanoparticles, as recorded 

using STS. This fundamental information is integral to many gold catalysed reactions.  

Benzoic acid adsorption, thermal kinetics and photodynamics have been examined, with the 

surface employed as a model dye-molecule monolayer due to its high level of ordering, both 

in the presence of gold and without gold. Under STM, the bare surface exhibits a surprising 

level of photoactivity across the visible light spectrum, and likely shows an example of an 

excitation mechanism that is not a classical band gap excitation, but an indirect excitation of 

electrons into molecular orbitals instead, possibly via a band gap state induced in the TiO2. 

Diffusion kinetics and large grain sizes suggest that intermolecular forces determine a large 

amount of the surface dynamics present in the benzoate layer during and after photon 

irradiation. Hydroxyls are suggested as likely species mediating excitation and motility 

dynamics.  

It is further suggested that gold nanoparticles influence the behaviour of surface hydroxyls, 

causing the effects of hydroxyls, in promoting motility and the formation of empty sites, to be 

diminished. The diminished influence of hydroxyls, as induced by gold, is also used to 

provide a mechanistic understanding of anisotropic behaviour seen in the photodynamics of 



Chapter 7: Conclusions and Future Work  Future Work 

189 

the gold-loaded overlayer, as well as a different reaction mechanism in the photooxidation of 

the benzoate species. The formation of a benzoate monolayer on the (110) surface with co-

adsorbed gold serves to agglomerate the particles, which provides a molecular route to 

controlling the size of metallic nanoparticles on the surface. As well as providing information 

on gold catalysis, this work builds on the results of the previous section with increased 

complexity associated with the gold nanoparticles. 

Future Work 

As has been alluded to throughout this thesis, increasing the complexity of model catalyst 

systems is a current trend in the field of surface science, with the aim to better understand 

real-world applications of materials such as titanium dioxide. Future work to build on the 

findings of this body of work would be to introduce further complexity and functionality to the 

work in a systematic fashion.  

For the gold / anatase (101) system, the nano-fabrication of more complex gold structures 

can be investigated by employing STM voltage pulses to migrate single gold atoms, forming 

nanorods or more complex shapes. The local density of states can be further explored, 

along with changes in electronic structure across the surface of individual gold species, 

monitored using current imaging tunnelling spectroscopy to further determine geometrical 

and electronic features. As this is a photocatalytic system, UV irradiation could also be 

explored alongside co-adsorbed molecules such as water and organic complexes. It would 

also be beneficial to apply complementary DFT modelling to further understand the 

experimental observations.  

There are ongoing DFT calculations to better understand the results seen in the benzoate 

chapters, and some results involving additional molecules such as oxygen, that have been 

briefly discussed in the above. This work would particularly benefit from chemically sensitive 

spectroscopy techniques such as X-ray photoelectron and temperature-programmed 

desorption spectroscopies to determine the evolution and chemical reaction steps that occur 

during irradiation at different wavelengths of light. Infrared spectroscopies would offer further 

insight into the geometrical configurations of the monolayer, which might further elucidate 

both thermal and photodynamics. Eventually, more complex molecules can be investigated 

to apply the lessons learned from this system into increasingly realistic environments. 


