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A B S T R A C T   

XPS analysis of soft materials remains a challenging task, with sample degradation presenting itself across a wide 
range of different materials. Correct protocols when performing the experimental spectral acquisition will ensure 
minimal proliferation of errors in terms of scientific understanding during subsequent data treatments. 
Furthermore, XPS spectra of titanium butoxide will provide a valuable reference for the materials understanding 
of alkoxide based metal oxide and mixed-metal oxide functional systems.   

1. Introduction 

Metal alkoxides are a prominent reagent in the production of metal- 
and mixed-metal oxides, widely used in numerous fields including 
catalysis,[1–3] photovoltaics [4,5] and medical materials.[6,7] The 
ability to undergo facile hydrolysis and condensation enables their 
application in the synthesis of many metal oxide and mixed metal oxide 
systems. Metal alkoxides have been crucial reagents in a wide number of 
intricate and advanced nanocomposites, where spatial locale of grafted 
sites is critical.[8] Obtaining reference spectra of such compounds will 
prove a highly valuable resource for advanced materials design of 
nanocomposites and aid in the spectral deconvolution and understand
ing of synthesised oxides and mixed oxide materials in which alkoxides 
are a building block. 

They also find notable use as surface modifiers for structurally useful, 
but chemically inert, high surface area materials such as SBA-15.[8–11] 
Given their prominence as modifiers of the material-environment 
interface, materials arising from the use of metal alkoxides are 
routinely studied by XPS – though reference spectra of the unadulterated 
precursors are rarely found in literature given the compound propensity 
to react with moisture to form solid metal oxides. Of additional difficulty 
is the analysis of those precursors existing in the liquid phase, which are 
unsuitable for analysis under UHV conditions given the incompatibility 
between the molecular vapour pressure and the analysis chamber 
pressure. 

Application of cooling processes within an XPS chamber enables 
analysis of systems which may otherwise be incompatible with vacuum 

systems due to unfavourable vapour pressures (e.g. water),[12] or sys
tems which may otherwise degrade under analysis conditions (e.g. due 
to photon induced degradation).[13] The use of such techniques has 
thus far primarily been largely favoured for microbiological [12,14-16] 
or mineral [17–19] science – though it has found use in the analysis of 
soft materials [20] and even air-sensitive volatile compounds.[21] It is 
with this application in mind that this work seeks to underline the po
tential of sample cooling for the understanding of otherwise incompat
ible materials and molecules. 

Low temperature XPS may be used to overcome these challenges, 
[20–22] by providing an environment by which environmental moisture 
is removed (thanks to the inherent UHV conditions of standard XPS) but 
in which the issue of vapour pressure be overcome by the use of cooling 
techniques. 

In this work we look at the analysis of a very commonly used metal 
alkoxide - titanium butoxide (TBu, Fig. 1) - by low temperature XPS and 
the experimental handling methods by which appropriate spectra may 
be obtained. We report photoemission properties for reference, and 
monitor the sample degradation behaviour upon X-ray exposure. 

2. Experimental 

Titanium butoxide (CAS: 5593-70-4) was sourced from Sigma- 
Aldrich (reagent grade, 97%) and was used with no further processing 
or treatment, deposited directly onto the cooling stage. 

CryoXPS data was acquired using a Kratos Axis SUPRA using mon
ochromated Al kα (1486.69 eV) X-rays at 15 mA emission and 12 kV HT 
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(180W) unless otherwise stated and a spot size/analysis area of 700 ×
300 µm. The instrument was calibrated to gold metal Au 4f (83.95 eV) 
and dispersion adjusted give a BE of 932.6 eV for the Cu 2p3/2 line of 
metallic copper. Ag 3d5/2 line FWHM at 10 eV pass energy was 0.5 eV. 
Source resolution for monochromatic Al Kα X-rays is ~0.3 eV. The 
instrumental resolution was determined to be 0.3 eV at 10 eV pass en
ergy using the Fermi edge of the valence band for metallic silver. Res
olution with charge compensation system on <1.33 eV FWHM on PTFE. 
High resolution spectra were obtained using a pass energy of 20 eV, step 
size of 0.1 eV and sweep time of 60s, resulting in a line width of 0.7 eV 
for Au 4f7/2. Survey spectra were obtained using a pass energy of 160 eV. 
Charge neutralisation was achieved using an electron flood gun with 
filament current = 0.4 A, charge balance = 2 V, filament bias = 4.2 V. 
Successful neutralisation was adjudged by analysing the C 1s region 
wherein a sharp peak with no lower BE structure was obtained. Spectra 
have been charge corrected to the main line of the carbon 1s spectrum 
(CC/CH) set to 284.8 eV. All data was recorded at a base pressure of 
below 9 × 10− 9 Torr. Calibration data was recorded at a room tem
perature of 294 K. 

Samples were pre-cooled in the flexi-lock/sample transfer chamber 
at ambient pressure to -30◦C, before being subjected to a roughing 

vacuum up to 1 × 10− 2 Torr with a concomitant decrease in temperature 
to -50◦C. The pressure was then lowered using turbomolecular pumps to 
5 × 10− 8 and a temperature of -110◦C. The cooling line was then 
disconnected and the sample transferred to the analysis chamber, at 
which point the cooling/thermocouple was reconnected. The tempera
ture differential during transfer was +15◦C at it’s maximum. The sample 
was allowed to cool to -120◦C at which point the measurements were 
initiated unless otherwise stated. 

Resulting spectra were processed and analysed using CasaXPS 
v2.3.19PR1.0. Peaks were fit with a Shirley background prior to 
component analysis. Components were fit using LA(1.3,253) lineshapes 
to obtain peak positions and FWHM. 

3. Results and Discussion 

Given the requirement for UHV conditions (< 10− 9) Torr for the 
undertaking of XPS measurements, cooling was required to overcome 
the vapour pressure of the molecule (3.75 Torr at 293 K), with a tem
perature of below -30◦C needed according to the Clausian-Clapeyron 
equation. The system was taken to -120◦C in order to be completely 
confident in the stabilisation of the molecule within the vacuum 
chamber and under X-ray illumination (given the potential for localised 
heating under X-ray irradiation). Initial CryoXPS measurements 
revealed the major photoemissions, binding energies and peak fwhm for 
Ti 2p, O 1s and C 1s (Fig. 2). Ti 2p reported a single chemical envi
ronment with a Ti 2p3/2 peak maxima at 458.5 eV, a doublet separation 
of 5.8 eV, a Ti 2p3/2: Ti 2p1/2 area ratio of 2:1 and a Ti 2p1/2: Ti 2p3/2 
FWHM ratio of 2.05:1 due to Coster-Kronig induced broadening. 

The survey determined only the presence of Ti, O and C and the 
quantification of this is reported in Table 1. The quantification was 
found to be in relative agreement to the theoretical atomic ratios of the 
model compound. The carbon 1s region may be resolved by peak fitting 
into two components; the C-O alkoxide linkage (27%) and the CC/CH 

Fig. 1. Titanium butoxide  

Fig. 2. (a) Survey, (b) Ti 2p, (c) O 1s, (d) Ti LMM, (e) C 1s and (f) Valence XPS spectra of titanium butoxide at -120◦C  
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backbone (73%), which quantify at the expected ratio for the molecular 
structure. 

The VB may be compartmentalised into 3 regions: 0-12 eV, 
comprising of the Ti d-band, C-C σ orbitals and O 2p band,[23] 12-21 eV, 
comprising of the ligand molecular orbitals, and 21-25 eV, comprising 
the O 2s peak. Of the central region, the peak at 13.3 eV may correspond 
to that of CH3 π- and 14.5 eV to C-O σ-orbitals,[23] while the twin higher 
energy (17 & 19 eV) peaks have been ascribed to C 2s orbitals from the 
extended butyl chain.[24,25] 

The peak properties are listed below in Tables 2 and 3. 
Following a series of measurements it was observed that the Ti 2p 

region was indicating the presence of a small population of Ti3+ states, 
while the sample appeared to have degraded in colour (figure S1). A 
series of measurements were therefore recorded in order to determine 
the influence of X-ray exposure on these soft systems (Fig. 3). X-ray 
induced reduction occurred rapidly, with a recognisable Ti3+ feature 
appearing after minutes under the X-ray beam. For this reason, it is 
imperative that the analysis of the Ti 2p region be performed on a fresh 
spot and prior to any additional measurements. Furthermore, to prevent 
unwanted reduction, analysis spot optimisation aught be performed on a 
separate region to the analysis area if using ‘beam on’ instrument auto-z 
functions, or aligned using optical methods providing optical cameras 
and microscopes are in good alignment with the analysis spot. 

A very faint signal attributed to Ti3+ could be identified following a 
single acquisition under standard conditions (Fig. 4) by locking peak 
fitting parameters (peak position, fwhm) from a heavily reduced sample 
and applying this model across the series – with the compound reporting 
4% Ti3+ in the initial sweep. Following prolonged exposure the degree of 
reduction reached a plateau at around 12% Ti3+ and remained stable for 
up to 1 hour under the illuminating beam. 

The O 1s region was also monitored, to identify changes induced by 
reduction, though no significant peak intensity was identified from a 
secondary feature. The FWHM of the O 1s peak was found to broaden 
very slightly, although the overall peak position remained essentially 
unchanged (figure S2). This was attributed to the appearance of an O- 
Ti3+ bond, though deconvolution of the O 1s peaks was deemed unlikely 
to produce an accurate quantification of the sample given the apparent 
close proximity of the Ti-O-R and O-Ti3+ features. 

In order to further investigate the relationship between analysis 
conditions and induced chemical changes to the sample, the analysis 
was repeated at a higher temperature of -60◦C in order to increase the 
degree of reduction (figure S3) and more readily observe differences 
due to experimental parameter settings. At this higher temperature, we 
see an exaggerated reduction of the Ti(IV) towards Ti(III) and may 
observe more clearly the changing molecular chemistry. Analysis of the 
surface at varying X-ray powers revealed a clear trend in the rate of 
reduction as a function of illuminating flux (Fig. 5a). Furthermore, the 
effect of using the built in automatic sample height optimisation was 
monitored via analysis of a single scan following automatic and manual 

height adjustment (figure S5). Automatic height adjustment, being a 
‘beam-on’ technique, was found to reduce the molecule 5x more than by 
using the internal microscope to manually obtain the focal point prior to 
analysis. 

In order to determine the origin of this reduction, be it primarily X- 
ray or electron (charge neutraliser) induced, a series of spectra were 
recorded with the flood gun both on and off. For the flood gun off 
experiment, one spectra was recorded with the charge neutraliser on, 
followed by 8 with the neutraliser off, followed by one final scan with 
the flood gun back on. This was compared to the start and end points of a 
series of 10 scans with the flood gun on for all 10 and degree of reduction 
calculated. The behaviour of the molecule under both conditions was 
essentially identical and led to the conclusion that this reduction was 
primarily X-ray induced. A similar process has been observed for Ti (IV) 
oxide clusters, in which excited photoelectrons have been shown to 
produce Ti3+ sites during X-ray irradiation.[26] Titanium (IV) alkoxides 
exist as tetramers with octahedral symmetry [27,28] consisting of both 
bridging and terminal alkoxide chains. During irradiation at -60◦C, we 
do not see a change in the O:Ti ratio (figure S5), which suggests the 
molecules are not losing alkoxide ligands during this process. At these 
elevated temperature, we do now clearly see a broadening of the O 1s 
feature and high energy shoulder, potentially the formation of an O-Ti3+

site. 
This molecule serves not only as a reference material for the mate

rials scientist, but the resulting spectra highlight the importance of 
experimental consideration when undertaking measurements of this 
type. Low temperature XPS has the capability to provide essential in
sights into a wider range of fields than it currently typically does – 
particularly in the fields such catalysis (studying adsorbates) or envi
ronmental science (pollutants etc) in which understanding of solid- 
solution interfaces may be fundamental to developing new technologies. 

Given a material demonstrating sensitivity to X-ray exposure, it is 
advised that the experimentalist aught ensure all care is taken in the 
experimental construction when analysing such materials by CryoXPS. A 
stepwise roadmap to analysis is outlined below.  

1 Visually identify changes to the sample under X-ray exposure 

Particularly important for materials whereby the vapour pressure at 
cryo temperatures is near to the critical limit under UHV conditions. The 
use of X-rays to irradiate a sample induces heating and, as such, may 
cause sublimation or melting when under the X-ray beam. Use internal 
cameras to monitor changes to the material appearance (colour/shape 
etc) with the beam on.  

2 Chemically identify changes to the sample under X-ray exposure 

Record data as individual scans, to be combined in post-analysis 
processing. This ensures that any changes to the chemistry at the sur
face may be readily identified by use of spectral overlays. Record each 
element at a fresh analysis area to observe potential changes on a shorter 
timescale.  

3 Use non ‘beam-on’ sample height optimisation techniques. 

Use of a well aligned optical camera will ensure any sample posi
tioning procedures do not influence the surface chemistry or material 

Table 1 
Theoretical and measured atomic percentages of TBu.  

Element Theoretical At. % Measured At. % 

Ti 4.76 4.42 
O 19.05 18.91 
C 76.19 76.67  

Table 2 
Photoelectron peak properties of titanium butoxide.  

Photoelectron peak Binding energy / eV FWHM / eV 

Ti 2p 3/2 458.5 0.8 
Ti 2p 1/2 464.3 1.7 
O 1s 531.0 1.1 
C 1s (CC/CH) 284.8 0.9 
C 1s (CO) 285.9 1.3  

Table 3 
Auger peak properties of titanium butoxide.  

Auger peak Kinetic energy / eV 

Ti L3M2,3M4,5 413.7 
Ti L3M2,3M2,3 378.4 
O KLL 976.0 
C KLL 259.3  
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properties prior to XPS analysis.  

4 Optimise analysis parameters to minimise damage 

In systems such as the aforementioned, where photoelectronic 

emission intensity is strong for each region of interest, consider lowering 
the X-ray emission current and/or increasing the analyser pass energy 
(thus reduced required time for analysis) in order to reduce the heat 
transfer from irradiation/photo-induced chemical damage to the sample 
surface. 

Fig. 3. (a) Visualisation of appearance of Ti 3+ feature following X-ray exposure and (b) full scan region of Ti 2p peak during X-ray exposure  

Fig. 4. (a) Quantification of Ti reduction degree as a function of X-ray exposure time and (b) representative XP spectra of Ti 2p for titanium butoxide at -120◦C on a 
fresh sample and after 30 minutes exposure. 

Fig. 5. (a) Degree of reduction using 5, 10 and 15 mA emission currents at -60◦C and (b) degree of reduction following X-ray exposure with electron flood gun on 
vs off. 
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5 Analyse multiple areas 

If signal-to-noise a concern, record single scans on multiple analysis 
areas and combine during post-analysis. This will enable longer analysis 
times without sacrificing sample condition. Consider this as a potential 
requirement when preparing the sample, and ensure a large enough area 
has been loaded for the eventuality that multiple analysis spots are 
needed. One must also consider the total X-ray illumination area for this 
step (separate to the ’analysis area’ in the case of selected area analysis 
using electromagnetic lens modes rather than microfocused X-ray 
beams), in order to avoid analysing areas previously exposed to X-rays 
even if they were not part of the analysis area. 

4. Conclusions 

Photoelectron spectra analysis of titanium butoxide was obtained via 
in-situ cooling in order to stabilise the compound under vacuum. It was 
observed both visually and spectroscopically that this compound un
derwent rapid reduction when under X-ray illumination within a UHV 
chamber. A number of experimental protocols were employed in order 
to secure a reliable set of spectra for these materials, including avoiding 
using an X-ray trace to align the sample height and analysis position and 
recording multiple analysis areas across the sample to avoid recording 
degraded spectra. 
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