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Abstract

Titanium dioxide has a band-gap in the ultra violet region and there have been many efforts to
shift light absorption to the visible region. In this regard, surface modification with metal oxide
clusters has been used to promote band-gap reduction. CeOx-modified TiO> materials have
exhibited enhanced catalytic activity in water gas shift, but the deposition process used is not
well-understood or suitable for powder materials. Atomic layer deposition (ALD) has been
used for deposition of cerium oxide on TiO2. The experimentally reported growth rates using
typical Ce metal precursors such as B-diketonates and cyclopentadienyls are low, with reported
growth rates of ca. 0.2-0.4 [l/cycle. In this paper, we have performed density functional theory
calculations to reveal the reaction mechanism of the metal precursor pulse together with
experimental studies of ALD of CeOx using two Ce precursors, Ce(TMHD)4 and Ce(MeCp)s.
The nature and stability of hydroxyl groups on anatase and rutile TiO> surfaces are determined
and used as starting substrates. Adsorption of the cerium precursors on the hydroxylated TiO>
surfaces reduces the coverage of surface hydroxyls. Computed activation barriers for ligand
elimination in Ce(MeCp)s indicate that ligand elimination is not possible on anatase (101) and
rutile (100) surface, but it is possible on anatase (001) and rutile (110). The ligand elimination
in Ce(TMHD)4 is via breaking the Ce-O bond and hydrogen transfer from hydroxyl groups.
For this precursor, the ligand elimination on the majority surface facets of anatase and rutile
TiO; are endothermic and not favourable. It is difficult to deposit Ce atom onto hydroxylated
TiOz surface using Ce(TMHD)4 as precursor. Attempts for deposit cerium oxide on TiO>
nanoparticles that expose the anatase (101) surface show at best a low deposition rate and this

can be explained by the non-favorable ligand elimination reactions at this surface.



|. INTRODUCTION

Titanium dioxide (TiO2) has attracted significant attention in many technologies, particularly
in photocatalysis and solar energy conversion due to the push to move to renewable energies.'”
% The main advantages of TiO,are its high abundance, low-cost and robustness under operating
condition. Anatase and rutile are the two most widely studied polymorphs of TiO;*® and
anatase is the most photocatalytically active phase. Early studies showed that bulk TiO> prefers
the rutile structure, but the anatase structure is more stable for TiO, nanoparticles.” 8 Typically

the mixed rutile-anatase phase P25 is used in studies of modified TiOx.

Due to large band-gap of undoped TiOz, which is ca. 3.0 - 3.2eV, in the UV range, cation and
anion doping have been widely applied to achieve visible light adsorption and increase the
photocatalytic efficiency.®! Defects and impurities, such as the O-vacancy, play an important
role in determining the reactivity of TiO.. Alternatively, surface modification of TiO2 with
dispersed metal oxide nanoclusters has been developed to enhance the photocatalytic
reactivity.1#14 Platinum catalysts supported on ceria modified TiO; are highly active for the
water-gas shift reaction and the loading of ceria can influence the activity. The improved
chemical activity is associated with the presence of CeOy clusters on TiO, surface.™ Previous
studies in our group and from experimental groups have indicated the potential for metal oxide
modifiers to induce a bandgap reduction compared to bare TiO,.1%18 The presence of reduced
Ce ions, namely Ce3*, in supported CeOx and low coordinated O sites in the nanocluster lead
to red shift in light adsorption. Enhanced photocatalytic activity is found on nanostructured

CeO,/TiO, with nanobelt heterostructure and yolk-shell microsphere structure. -2

The deposition of nanostructured CeOx has been achieved using traditional approaches, such
as approaches including calcination of organic precursors, precipitation and hydrothermal

synthesis.?? 22 However, these do not necessarily provide a high degree of control of deposition



and are also not ideal for deposition onto powder materials. To achieve the precise control of
composition, loading and morphology of nanoclusters onto substrate, atomic layer deposition
(ALD) can be used.?* The advantages of ALD are self-limiting and saturated surface chemistry

reactions with a high degree of control over deposition and loading.?

Choosing a stable metal precursor is still a significant challenge for the deposition of metal
oxides, Basic criteria include stability and volatility, ease of handling, self-saturating growth
characteristics, high growth rate, and reactivity with O-containing reactants. For cerium arange
of organometallic precursors such as B-diketonates, alkoxides and cyclopentadienyls have been
developed and used.?®%? The reported growth rate using Ce(THD)a (thd = 2,2,6,6-tetramethyl-
3,5-heptanedionate) is 0.32 [J/cycle in a temperature range of 175 - 250 °C and the deposited
films have impurities including hydrogen and carbon.?* A growth rate of 1.9 [/cycle is found
at growth temperatures of 165 - 285 °C using a heteroleptic cyclopentadienyl-amidinate
precursor Ce(iPeCp)2(N-iPr-amd).* However, the synthesis of heteroleptic cerium complex is

rather difficult. The development of efficient and convenient CeOx precursors is still required.

Understanding the reaction mechanism is useful and helpful for choosing a suitable precursor.
In early work, the deposition of Al,Os from trimethlyaluminum and H.O was developed and
studied both experimentally and theoretically.31® Detailed density functional theory (DFT)
studies have indicated that surface hydroxyl groups are produced after each cycle and their
surface coverage affects the growth rate. Ligands are eliminated by proton transfer from surface
OH groups and desorption. The oxidising reactant can be water or ozone, which has a higher
activity for ligand elimination relative to H2O. This mechanism involves precursor adsorption,
proton transfer, and ligand elimination process, which has also been investigated in other metal

oxide ALD processes such as TiO, and SiO,.36-4



In this study, we have studied the adsorption and ligand elimination process for two cerium
precursors Tris(methylcyclopentadienyl)cerium(lll) (Ce(MeCp)s) and Tetrakis(2,2,6,6-
tetramethyl-3,5-heptanedionato)cerium(l1V) (Ce(TMHD)s4) on TiO2 using density functional
theory, while ALD experiments are carried out with Tris(i-propylcyclopentadienyl)cerium(lll),

Ce('PrCp)sand Ce(TMHD)s.

We determine firstly the stability of hydroxylated TiO. surfaces and reaction pathway and
barrier calculations show that ligand elimination is favourable on anatase TiO2(001) and rutile
TiO2(110) for the Ce(MeCp)s precursor, but is not favourable on a-TiO2(101) and r-TiO2(100).
For Ce(THMD)4, the ligand elimination on the majority surface facets of anatase and rutile
TiO; are not favourable. The moderate cost for bond breaking of gas-phase Ce(THMD)a,
indicate that the deposition could proceed via chemical vapour deposition (CVD), rather than

ALD.

The thermogravimetric studies indicated that Ce(‘PrCp)s is unstable and cannot be successfully
delivered into the ALD reactor. However, Ce(TMHD)4 was successfully delivered. The
experimental attempts for deposition of CeOx using Ce(TMHD)4 using water or ozone enriched
synthetic air as oxidizing agent were not successful. The experimental results, consistent with
DFT calculations, suggest that ALD of CeOx clusters on the surface of both anatase and rutile
TiOz is unfavorable using Ce(TMHD)4 as precursor. However, with a high energy anatase
(001) facet, the first principles results indicate that deposition is more favourable. Thus,
engineering the surface facet of TiO, in powders may be important to promote the deposition

of Cerium-containing materials.



. EXPERIMENTAL APPROACH

A. Computational Methods

All calculations are performed on the basis of spin-polarized DFT with the projector augmented
wave (PAW) formalism®2, as implemented in the Vienna ab initio simulation package (VASP
5.4) code. The generalized gradient approximation (GGA) with the parameterization of
Perdew-Burke-Ernzerhof (PBE) is used for the exchange-correlation functional.*® 4 The
valence electrons are 4 for Ti, 12 for Ce, 4 for C, 6 for O, 1 for H. The energy cutoff is set to
be 400eV for the plane wave expansion. The convergence of energy and forces are set to be
1x10**eV and 0.01eV/[J, respectively. The computed lattice constants for bulk anatase TiO:

area=b=4.6101 and c=2.961] and they are a =b = 3.791 and ¢ = 9.581 for bulk rutile TiO..

Four low-index TiO. surfaces are built using a slab model, including a-TiO2(101), a-TiO2(001),
r-TiO2(110) and r-TiO2(100). For anatase TiO. nanoparticles, the majority surface is the lowest
energy (101) facet, while the minority (001) surface is of interest as it is reactive and plays a
key role in the catalytic reactivity.* For rutile TiO., (110) is the thermodynamically most stable
facet. For bare TiO2 and hydroxylated TiOg, six trilayer slab models of TiO. are built with a
(4x4) surfaces supercell. For the adsorption of metal precursor on stable hydroxylated TiO:
surfaces, we have used a four tri-layer slab TiOz is built also in a (4x4) surface supercell. Due
to the large supercell employed, Gamma-point sampling is used for these slab models.*® The
Hubbard U correction®® % is applied to the partially filled Ti 3d and Ce 4f states. The U values

are set to be 4.5eV for Ti and 5eV for Ce, which is consistent with our previous work.*®

The surface energy of these surface facets is computed from

1
Esurf = 24 (Etotal - nETiozbulk) (1)



Where A is the surface area of the supercell, n is the total number of TiO- units in the supercell,

Etotar aNd Erig2,,,, are the total energy of the surface and the energy of a unit TiO> (anatase or

rutile) in bulk.

The hydroxyl-terminations are studied with coverages ranging from 1/16 monolayer (ML) to
16/16ML on both anatase and rutile (100) surfaces, which each have 16 possible adsorption
sites. On rutile (110), 1 ML has 8 sites. The Van der Waals correction is applied with PBE-D3

method.*® The adsorption energy per hydroxylation group is calculated by
Ead = (Etotal - Eslab — nx* EHZO))/n (2)

where Eiotarr Esian, @and Ey,o are the energies of hydroxylated TiOz, bare TiO. and free H.O
molecules, respectively. The activation barriers reported in this paper are computed using
climbed image nudged elastic band (CI-NEB) method® with 6 images including the starting

and ending geometries and with forces converged to 0.08eV/A.
B. Experimental material and methods

Anatase and rutile TiO2 nanoparticles (NPs) were purchased from Sigma-Aldrich. The specific
surface area of these NPs were about 50 m?-g* and the particles size was <25 nm for anatase
and <100 nm for rutile. Tris(i-propylcyclopentadienyl)cerium(lll), Ce(‘PrCp)s, and
Tetrakis(2,2,6,6-tetramethyl-3,5-heptanedionato)cerium(lV), Ce(TMHD)4, were purchased

from Strem Chemicals.
1. Thermogravimetric Analysis

A Mettler Toledo TGA 2 - thermogravimetric analyser was used for studying the thermal
behaviour of the investigated precursors and measuring their approximate sublimation
temperature. Typically, about 10 mg of precursor was heated with a heating rate of 5 °C-min™

in nitrogen flow, while its weight change was recorded. After obtaining the proper sublimation



temperature, a 240 min isothermal measurement was carried out aiming at studying the stability

of precursor at the intended sublimation temperature.

2. Surface chemistry analysis

A Thermo Scientific™ K-Alpha™ X-ray photoelectron spectrometer, using monochromated
aluminum Ko radiation with a photon energy of 1486.7 eV, was employed to study the surface
chemistry of samples. The XPS data were acquired using an X-ray spot of 400 um and a
photoelectron energy step size of 0.1 eV for high resolution scans; while the differential
charging was compensated using an electron flood gun. The obtained spectra were analysed
using the CasaXPS software and the positions of peaks were calibrated using the aliphatic

carbon 1s peak (284.8 eV).

3. Elemental analysis

The elemental composition of samples was studied using inductively coupled plasma — optical
emission spectrometry (ICP-OES) method by means of a PerkinElmer Optima 5300 DV ICP-
OES instrument. Approximately 25 mg of sample was digested in 4.5 ml 30% HCI+1.5 ml
65% HNOs + 0.2 ml 40% HF while microwave irradiation. The digestion time in the
microwave was 60 min at maximum power. The digested samples were diluted to 50 ml with

Milli-Q water prior to measurement.

4. Atomic layer deposition of cerium oxide

The pre-treatment of TiO2 NPs and the atomic layer deposition (ALD) of cerium oxide (CeOz)
were carried out in a fluidized-bed atmospheric pressure ALD reactor already described
elsewhere. % 52 Typically, 1.5 g of TiO, NPs was loaded in the reactor and after attaining the
desired reaction temperature in the reaction bed, the NPs were pre-treated in-situ using ozone
enriched synthetic air flow aiming at increasing the surface functional groups. The ozone

enriched flow was obtained via flowing synthetic air through a Certizon Ozonizer C200 with



ozone output of 200 mg-min™. After ozone treatment, the sequential introduction of cerium
precursor and oxidizing agent (ozone enriched synthetic air or water vapour containing
nitrogen stream) was started with nitrogen purge intervals. The superficial gas velocity varied
between 3.1 to 4.7 cm-s* during this process, depending on different steps of ALD cycle. The
duration of the precursor and the oxidizing agent pulses was 3 min and the nitrogen purges was

2 min and the number of ALD cycles varied between 10 to 20.

lll. DFT RESULTS

A. The nature and stability of hydroxylated anatase and rutile TiO2
surfaces

Table 1. The calculated properties of low index TiO2 surfaces. E_surf is the computed,
relaxed surface energy.

Surf. Area E_surf No.of  Neighbouring HO-H

(nm?) (I/m?) atoms distance (A)
a-TiOz(101) 3.13 0.89 288 2.78
a-TiO,(001) 2.30 1.05 288 1.90
r-TiOx(110) 1.55 1.06 288 2.19
r-TiO2(100) 2.19 117 288 2.02

Table 1 presents the computed properties of the TiO> surfaces used in this work. Since a (4x4)
surface supercell is used to simulate the four surfaces, we have chosen 0.06ML (1/16ML),
0.50ML (8/16ML), 0.75ML (12/16ML), and 1ML terminations, with OH binding to surface Ti
atoms and H binding to surface O atoms. On the r-TiO2(110) surface, 8 OH and 8 H is 1ML

coverage; for the other surfaces, 16 OH and 16 H is 1ML coverage. The surface area and



distance between neighbouring OH and H species are listed in Table 1. The calculated

adsorption energies per hydroxyl group are listed in Table 2 and shown in Figure 1.

Table 2. The calculated adsorption energy, in eV, of water, per hydroxyl group, on anatase
and rutile TiO2 surfaces. The number of hydroxyl groups are listed in the parenthesis. On
rutile (110), 1 ML has 8 sites; for the anatase and rutile (100) surfaces, 1ML has 16 sites.

Adsorption energy /eV Adsorption energy /eV
on anatase on Rutile
Coverage a-TiO2(101) a-TiO2(001) r-TiO2(110) r-TiO2(100)
0.06ML -0.70 (1 OH) -2.05 (1 OH) -1.27 (1 OH) -1.04 (1 OH)
0.50ML -0.95 (8 OH) -1.29 (8 OH) -1.32 (4 OH) -1.05 (8 OH
0.75ML -1.01 (120H)  -0.97 (12 OH) -1.29 (6 OH) -1.08 (12 OH)
1.00ML -0.86 (16 OH)  -0.98 (16 OH) -0.37 (8 OH) -1.06 (16 OH)

On the a-TiO2(001) surface, the strongest water adsorption is at a coverage of 0.06ML and with
increasing surface hydroxyl coverage, the adsorption energy per hydroxylation group
decreases. It is however, still favourable to have up to 1 ML coverage of hydroxyls. At 1ML
surface coverage, OH and H recombine into H>O and desorb from surface, and the resulting
surface hydroxyl coverage is reduced to 0.81ML (or 13/16ML). The repulsive effect between

hydroxyl groups plays an important role in stabilizing the surface OH and H species.

However, this recombination is not observed on the other TiO2 surfaces. With increasing
surface coverage, the adsorption energies do not change significantly on a-TiO2(101) and both
rutile TiO2 surfaces. The exception is for the highest coverage of 1ML on r-TiO2(110) surface,
which shows a weak adsorption energy of -0.37eV/ H.O. This implies that the repulsive effect

on the other TiO> surfaces is not that strong as on a-TiO2(001) surface.

10



Table 1 shows that on the a-TiO2(001) surface, the HO-H distance is the shortest (1.9001),
which would indicate that the repulsive effect will be strongest on this surface and supports the
results that at full hydroxyl coverage, the spontaneous surface recombination of OH and H

species is promoted only on a-TiO2(001) surface.
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Fig. 1. The zero-K adsorption energy with different surface hydroxylation coverages on anatase
and rutile TiO. surfaces.

To reveal the effect of temperature and pressure, we computed the Gibbs free energy of
adsorption and the stability plots as a function of temperature at a pressure of 1 bar are shown

in Figure 2. The Gibbs free energy is calculated from:
AG(hydTO)Cyl) = G(hydroxyl/TiOZ) - GTiOZ - Ggas (hydTOXyl) (3)

Here, we have ignored the changes in the vibration modes of the substrate. These contributions
are usually much smaller than the total energy. Therefore, we can substitute the first two Gibbs

energies with DFT-calculated total energies. The last term can be calculated by

11



P
Ggas(hydroxyl) = n* Eyzo + n* Gyyo + nkpTIn®  (4)
The change in the Gibbs free energy is calculated by

(nOH nH)

P
hydroxylation ~ ETio2 [n* Epzo ¥ nx Gypo + nkBTln(P")] (5)

AG(nOH,nH) = E

where E,EZZfO’Z;II)amn is the total energy of hydroxylated TiO. surfaces resulting from

adsorption of n dissociated water molecules, E;p, and Ey,o are corresponding bare TiO>
surfaces and free H.O, respectively. Gy, is the vibrational contribution to the free energy from
the OH and H species in the gas phase at different temperatures with reference to H-O.
Experimentally, the temperature of the precursor and reactor in a typical ALD experiment are

180°C and 230°C. The operating pressure is 1 bar and this is used in the calculations.

On the a-TiO2(001) surface, water formation during the relaxation means that the final stable
coverage is 0.81ML we consider coverages of 0.06ML, 0.50ML, 0.75ML and 0.81ML. For the
remaining TiO> surfaces, coverages of 0.06ML, 0.50ML, 0.75ML and 1ML are considered.
From the computed Gibbs free energy at the temperature and pressure given above, the most
stable surface hydroxylation coverages are LML on a-TiO2(101), 0.81ML ona-TiO2(001), 0.75
ML on r-TiO2 (110) and 1 ML on r-TiO2(100). The configurations of the most stable
hydroxylated TiO- surfaces are shown in Figure 3. These hydroxyl coverages are then used to

explore the adsorption and reaction of the cerium containing ligands in the next sections.
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Fig. 2. Gibbs free energy (AG, in eV) of hydroxyl-terminated TiO2 surfaces with respect to
operating temperature. The pressure is set to be 1 bar.

13



O

:

1

%
&

e B et
Bt Pg Pg P P
o b bed AN TN
ML ot e pme (T Y (Y]
o et o - SN
S SR R
Bt s
a-TiO,(101)
(b) ’*‘?ﬁ’ﬁ“.
f=— $ b o ‘e
0.81 %’%1%%’_@# Y¢W¢@ ¥
o e
Py
-‘>-(r:[-; _
a-Ti0,(001)
R i arzss2 S e

0.75ML ti><t><>><~>2*~ byt

! e

KA A

LN B T
La-asaitay I N
r-TiO,(110)

(d) eretretre o o o @
e g gavs gio QU SN S I
Lo e XX
LR NN

IML OO OO N N N N
5 e S pe Vo SN AN ANDAN
NS it i T S

'
'
B
o !

-TiO»(100)

Fig. 3. The configurations of the most stable hydroxylation coverages on (a) a-TiO2(101)
surface, (b) a-TiO2(001) surface, (c) r-TiO2(110), and (d) r-TiO2(100) surface. The Ti atoms
and O atoms in the TiO, surfaces are represented by grey and red spheres and surface hydroxyl
species H atom and O atom are represented by larger diameter white and red spheres,
respectively.

14



B. Adsorption of metal precursors Ce(TMHD)s and Ce(MeCp)s

The metal precursors Ce(TMHD)4 and Ce(MeCp)s are adsorbed on the hydroxylated TiO2
surfaces to investigate the precursor reaction mechanism. We use a four-layer TiO> substrate
model instead of a six-layer TiO substrate to reduce the computational cost. To check the
effect of the TiO: slab thickness on our results, we have calculated the adsorption energies of
metal precursor adsorbed on the two slab models and the computed differences are less than
10%, which is a reasonable difference for our discussion. The results of this comparison are
presented in Table S1 in supporting information. Thus, a four-layer TiO> substrate model is

used to study the metal precursor adsorption and reaction mechanism.

1. Structure of gas phase metal precursor Ce(TMHD), and Ce(MeCp)s

The gas-phase precursors of Ce(TMHD)4 and Ce(MeCp)s are shown in Figure 4. Ce(TMHD)s,
with formula Ce(C11H1902)4, has four ligands and each ligand contains 6 methyl groups. The
Ce-O distances are in the range of 2.36A to 2.46A. Ce(MeCp)s, with formula Ce(CgH7)s, has
three ligands and in each ligand, the carbon atoms in the Cp ring coordinate to Ce atom. The
Ce-C distances are in the range of 2.77A to 2.95A. These longer distances reflect the different

ionic radii of Ce** and Ce®* cations in the precursors.

In the gas phase metal precursor, breaking of the bond between the Ce atom and the ligands is
studied by removing one ligand (TMHD or MeCp) away from Ce atom. This process is
endothermic for both precursors, with a moderate energy cost of 1.49eV for Ce(TMHD)4 and
higher cost of 3.60eV for Ce(MeCp)s. For Ce(TMHD),, at elevated operating temperature, the

precursor may dissociate and a chemical vapour deposition (CVD) process would dominate.

15



e
Ce(TMHD)4

Ce(MeCp)s

Fig. 4. The atomic structures of gas phase cerium precursors (a) Ce(TMHD)s, and (b)
Ce(MeCp)s. The cerium, carbon, hydrogen and oxygen atoms are represented by blue, grey,
white and red atoms.

2.  Adsorption of cerium precursors on hydroxylated anatase and rutile

TiO» surfaces

When adsorbed on hydroxylated TiO, surfaces, Ce(TMHD); can take two different
configurations. The two-ligand adsorption mode has two ligands oriented towards the surface
and the other two ligands are oriented away from the surface and two ligands interact at the
substrate. The four-ligand adsorption mode has the four ligands interacting at the surface. The
preferred adsorption mode of the Ce(MeCp)s precursor has the three ligands interacting with

the hydroxylated surfaces with the Ce atom in the centre of the precursor.

After the precursor is adsorbed the on hydroxylated TiO- surfaces and is allowed to relax, we
find a strong rearrangement of the hydroxyl groups. If we remove the precursor and allow the
resulting hydroxylated surface to relax, then there can be a new surface hydroxylation pattern

that is more stable than the surface hydroxylation pattern described previously. The energy

16



changes after this precursor-induced rearrangement is listed in Table 3 are the change in energy

compared to the original hydroxylated TiO, surfaces.

Table 3. The difference of the energy, AE®" in eV, of hydroxylated TiO- surfaces before and after the
precursor adsorption. This is the change in energy compared to the original hydroxylated TiO2
surfaces.

AE®" in eV on anatase AE®" in eV onrutile

a-TiO,(101)  a-TiOy(001)  r-TiOx(110)  r-TiO(100)
Ce(TMHD), Two-ligand -2.58 -0.14 -0.03 -0.01

adsorption mode

Ce(TMHD)4 Four-ligand -2.74 -0.14 -0.04 -3.09

adsorption mode

Ce(MeCp)s 2.72 -0.50 0.10 -1.35

For the Ce(TMHD)4 precursor, the anatase (001) and rutile (110) surfaces are not strongly
affected, while the energy change on a-TiO2(101) and r-TiO2(100) lie between -2.58 and -3.09
eV. The top view of these surfaces are shown in Figure 5. On a-TiO2(101) surface, when we
relax after removing the metal precursor, there is no water recombination. However, the
distribution of hydroxyl species has changed, which corresponds to a symmetry breaking, and

lowers the total energy of hydroxylated a-TiO2(101).

On the r-Ti02(100) surface, relaxation after removing the metal precursor 12 water molecules
have been formed. This means that the, the final stable hydroxyl coverage is reduced to

0.25ML.

17
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Fig. 5. The top view of a-TiO2(101) with (a) original hydroxyl terminations, (b) hydroxyl
terminations after two-ligand adsorption, and (c) hydroxyl terminations after four-ligand
adsorption. (d) shows a top view of r-TiO2(100) with the original hydroxyl terminations, and
(e) hydroxyl terminations after four-ligand adsorption. The Ti atoms and O atoms in the TiO;
surfaces are represented by grey and red spheres and surface hydroxyl species H atom and O
atom are represented by larger diameter white and red spheres, respectively. The circles

indicate the water formation after Ce(THMD)4 adsorption.

Similarly, for Ce(MeCp)s, significant differences in the total energy of hydroxylated surfaces

are found on the a-TiO>(101) and r-TiO2(100) surfaces. The top view of these hydroxylated

surfaces are shown in Figure 6. On a-TiO2(101), the original hydroxyl groups show high

symmetry. After removing the precursor from the surface, this symmetry has been broken,

resulting in a lower energy, with the same coverage. On r-TiO2(100) surface, after removing

the precursor and relaxing, water forms and this reduces the stable hydroxyl coverage to

0.94ML.
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Fig. 6. The top view of a-TiO2(101) with (a) original hydroxyl terminations and (b) hydroxyl
terminations after Ce(MeCp)s adsorption, and top view of r-TiO2(100) with (c) original
hydroxyl terminations, and (d) hydroxyl terminations after Ce(MeCp)s adsorption. The Ti
atoms and O atoms in the TiO, surfaces are represented by grey and red spheres and surface
hydroxyl species H atom and O atom are represented by larger diameter white and red spheres,
respectively. The circle indicates the water formation after Ce(MeCp)s adsorption.

With the above discussion in mind, we have therefore chosen the hydroxyl coverages that result

from the above analysis and calculate the adsorption energy of the metal precursors with the

formula:

E,q = Elprecursor/surface] — [E(precursor) + E(surface)]

(6)

E(surface) is the total energy of the hydroxylated surface obtained after removing the

precursor from the surface and relaxing. The results are summarized in Table 4.

19



Table 4. The calculated adsorption energies, AE?® in eV, of precursor Ce(TMHD), and Ce(MeCp)s on hydroxylated
TiOy surfaces. The stable coverages of surface hydroxyl groups after precursor adsorption are listed in the brackets.

AE?® [ eV on Anatase AE?®S [ eV on Rutile
TiOz(101) TiOo(001) TiOo(110) TiO(100)
Ce(TMHD). Two-ligand 091 (IML)  -1.07 (0.8IML)  -1.39 (0.75ML) -1.13 (IML)
adsorption mode
Ce(TMHD)4 Four-ligand -0.79 (IML)  -0.85(0.81ML) -1.31(0.75ML)  -1.38 (0.25ML)

adsorption mode

Ce(MeCp)s -1.57 (IML)

-1.01 (0.81IML)  -0.90 (0.75ML)  -1.89 (0.94ML)
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Fig. 7. The stable adsorption structures of Ce(TMHD)s adsorbed on hydroxylated (a) a-
TiO2(101) surface, (b) a-TiO-(001) surface, (c) r-TiO2(110) surface, and (d) r-TiO2(100)
surface. The Tiatoms and O atoms in the TiOz surfaces are represented by grey and red spheres
and surface hydroxyl species H atom and O atom are represented by larger diameter white and

red spheres, respectively. The cerium, carbon, and hydrogen atoms are represented by blue,
grey, and white atoms.
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Fig. 8. The configurations of the most stable Ce(MeCp)s adsorbing on hydroxylated (a) a-
TiO2(101) surface, (b) a-TiO»(001) surface, (c) r-TiO2(110) surface, and (d) r-TiO2(100)
surface. The Ti atoms and O atoms in the TiO> surfaces are represented by grey and red spheres
and surface hydroxyl species H atom and O atom are represented by larger diameter white and
red spheres, respectively. The cerium, carbon, and hydrogen atoms are represented by blue,
grey, and white atoms.
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On the r-TiO2(100) surface, with the lowest hydroxyl coverage, Ce(TMHD)4 prefers four-
ligand adsorption mode; while on the remaining surfaces, Ce(TMHD)4 prefers the two-ligand
adsorption mode, although the difference is at most 0.2 eV. The lower most stable adsorption
modes appear to be at lower hydroxyl coverages. The configurations of the most stable
Ce(TMHD)4 precursor adsorbed on hydroxylated TiOz surfaces are shown in Figure 7. On the
a-TiO,(001) surface, the Ce-O distance are in the range of 2.34A to 2.45A; On a-TiO,(101)
surface, the Ce-O distance is 2.35A to 2.44A. On r-TiO2(100) surface, the Ce-O distance is in
the range of 2.35A to 2.43A; on r-TiO2(110) surface, the Ce-O is in the range of 2.36A to

2.45A.

Ce(MeCp)s has the strongest adsorption strength on r-TiO2(100), with an adsorption energy of
-1.89 eV, with the weakest, but still appreciably strong, adsorption configuration on r-
TiO2(110). The most stable configurations of the precursor adsorbed on the hydroxylated TiO>
surfaces are shown in Figure 8. After adsorbing on the TiO> surfaces and relaxing, the Ce-C
distances are changed compared to the free molecule, where they are in the range of 2.77 A to
2.95A. On the a-TiO2(001) surface, the Ce-C distance enlarges to between 2.82A and 2.99A.
On the a-TiO2(101) surface, the Ce-C distances are in the range of 2.70A to 2.97A. On the
rutile surfaces, the Ce-C distance are in the range of 2.74A to 2.98A on r-TiO; (100) and 2.69A

to 2.91A on r-Ti02(110).

No spontaneous proton transfer is observed on both of the precursors after adsorbing on the

surface. This implies that the ligand eliminations must overcome activation barriers.

23



3. Reaction mechanism of precursor Ce(THMD)4 on hydroxylated
anatase and rutile TiO surfaces

The results of the first hydrogen transfer step and ligand desorption are shown in Figure 9 for
anatase and Figure 10 for rutile TiO2 surfaces. On the anatase TiO2 surfaces, the precursor has
a moderate adsorption strength, with computed adsorption energies of -1.07eV for a-TiO2(001)
and -0.91eV for a-TiO2(101). On the a-TiO-(001) surface, the proton transfer step is slightly
exothermic with a gain of -0.13eV. However, the following bond breaking of Ce-C11H200:> has
an energy cost of 1.09eV and the activation barrier would be at least 1.10 eV. This energy cost
is slightly lower than bond breaking of gas phase Ce-THMD, which has an energy cost of
1.49eV. The loss of the first ligand to leave Ce(THMD)s on the surface is exothermic by ca.

0.60 eV.

Considering the a-TiO2 (101) surface, there is a cost of 0.23 eV to protonate a THMD ligand
but the loss of the ligand is overall endothermic, with an energy cost of 0.52 eV relative to the
separated surface and precursor. The ligand elimination reaction via hydrogen transfer is not
favoured on TiO2(101) surface. Since this is the low energy surface facet of anatase and is
therefore dominant in anatase films, this indicates that the Ce(THMD)4 precursor may not be

favourable for ALD of cerium materials on anatase TiO».
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Fig. 9. The plotted reaction pathway of precursor Ce(THMD)4 on hydroxylated anatase (a)
TiO2(101) and (b) TiO2(001) surface. The Ti atoms and O atoms in the TiO2 surfaces are
represented by grey and red spheres and surface hydroxyl species H atom and O atom are
represented by white and red spheres, respectively. The cerium, carbon, and hydrogen atoms
are represented by blue, grey, and white atoms. For the hydrogen transfer, the transferred
hydrogen atoms are represented by orange colour.

Turning now to the rutile TiO> surfaces, Ce(THMD)4 has a moderate adsorption strength of -
1.38eV onr-TiO2(100) and -1.39eV on r-TiO2(110). On the r-TiO2(100) surface, Figure 10, the
proton transfer is exothermic with a gain in energy of -0.22eV. The following bond breaking
is endothermic and has an energy cost of 0.93eV for the release of the THMD ligand. On the

r-TiO2(110) surface, the proton transfer step and following bond breaking are endothermic.
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Fig. 10. The plotted reaction pathway of precursor Ce(THMD)4 on hydroxylated rutile (a)
TiO2(110) and (b) TiO2(100) surface. The Ti atoms and O atoms in the TiO2 surfaces are
represented by grey and red spheres and surface hydroxyl species H atom and O atom are
represented by white and red spheres, respectively. The cerium, carbon, and hydrogen atoms
are represented by blue, grey, and white atoms. For the hydrogen transfer, the transferred
hydrogen atoms are represented by orange colour.

The results show that the ligand elimination process on the majority surface facets of anatase
and rutile TiO2 are endothermic and not favourable. It will therefore be difficult to deposit Ce
atom onto hydroxylated TiO. surface using Ce(TMHD)4 as precursor. In addition, the
computed energy cost for direct Ce-ligand breaking is 1.49 eV. Due to the moderate cost for
bond breaking of gas-phase Ce(THMD)4, the deposition may instead proceed by chemical

vapour deposition (CVD) at moderate temperatures, rather than by ALD.
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4. Reaction mechanism of precursor Ce(MeCp)s on hydroxylated

anatase and rutile TiO> surface

The MeCp ligand is eliminated by hydrogen transfer from surface hydroxyl and desorbs from
surface as MeCpH. The plotted reaction pathways on anatase and rutile TiO surfaces are
shown in Figure 11 and Figure 12, respectively. On anatase TiO>, the hydrogen transfers and
CpH elimination steps are exothermic on a-TiO2(001). However, the reaction is endothermic

on the dominant a-TiO2(101) facet.

On a-Ti0O2(001) surface, the hydrogen transfer steps are exothermic by -0.55 eV for the first
hydrogen transfer and -1.17eV for the second hydrogen transfer. However, the final hydrogen
transfer and CpH release has a high energy cost and a high barrier of 1.07 eV, meaning that the
most likely termination is CeMeCp. The computed activation barriers for the first two hydrogen
transfer steps are moderate at 0.47eV and 0.44eV. If the three ligands are completely eliminated

and the deposited Ce atom can bind to a square of surface oxygen atoms.

On the a-TiO2(101) surface, the first hydrogen transfer and MeCpH elimination step is
endothermic, while only the second hydrogen transfer step is exothermic. The first MeCp
ligand elimination has a computed activation barrier of 2.88eV for hydrogen transfer, which is
too high to permit this process at typical ALD temperatures. Due to the high barrier for the first
hydrogen transfer step and the endothermic reaction energy, the remaining barriers are not
calculated. The ligand elimination from Ce(MeCp)s is therefore difficult on this surface and

we would expect Ce deposition on the a-TiO2(101) surface to be unfavourable.
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Fig. 11. The reaction pathway of the Ce(MeCp)s precursor on (a) a-TiO2(101) surface and (b)
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and red spheres and surface hydroxyl species H atom and O atom are represented by white and
red spheres, respectively. The cerium, carbon, and hydrogen atoms are represented by blue,

grey, and white atoms. For the hydrogen transfer, the transferred hydrogen atoms are
represented by orange colour.
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Fig. 12. The plotted reaction pathway of precursor Ce(MeCp)s on (a) r-TiO2(110) surface and
(b) r-TiO2(100) surface. The Ti atoms and O atoms in the TiO2 surfaces are represented by grey
and red spheres and surface hydroxyl species H atom and O atom are represented by white and
red spheres, respectively. The cerium, carbon, and hydrogen atoms are represented by blue,
grey, and white atoms. For the hydrogen transfer, the transferred hydrogen atoms are
represented by orange colour.

Onthe r-TiO2(100) surface, the reactions for adsorption and elimination of two MeCpH ligands
are overall exothermic, with computed activation barriers of 2.55 eV for the first hydrogen
transfer step and 1.31 eV for the second hydrogen transfer step. The barrier for the third
hydrogen transfer is not calculated. On r-TiO2(100) surface, due to high barrier and

endothermic reaction, there would be no Ce deposition.
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On r-TiO2(110) surface, the first hydrogen transfer step is exothermic with a computed
activation barrier that is moderate with a value of 0.90eV. The second and third hydrogen
transfers have computed activation barriers of 0.74eV and 1.31eV, respectively, although the
energy cost for the third ligand elimination is high. Additionally, one H.0 molecule is formed

on the surface.

To summarize, the ligand elimination reaction is potentially favourable on the a-TiO.(001)
while on the remaining surfaces, the preference will be for Ce(MeCp)s adsorption or
elimination of up to two ligands. The structure of Ce deposited on a-TiO2(001) is shown in

Figure 13.

@ 1T T

# d_

v
3
it
Tl

a-TiO,(001)

Fig. 13. The configurations of Ce atom deposited on the a-TiO2(001) surface. The Ti atoms
and O atoms in the TiO> surfaces are represented by grey and red spheres and surface hydroxyl
species H atom and O atom are represented by larger diameter white and red spheres,
respectively. The cerium is represented by blue atom.
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IV.EXPERIMENTAL RESULTS

A. The optimum precursor sublimation temperature

Aiming at obtaining the optimum temperature for precursor sublimation and to investigate
stability, thermogravimetric analysis (TGA) was carried out. Figure 14 depicts the TGA results
of Ce('PrCp)s during heating up to 150 °C and an isothermal course of 70 °C. From the results
in Figure 14(a), the sample starts losing weight at about 70 °C; this is obvious in first derivative
of TGA (DTG) curve which manifests a peak at 72 °C. The increase of temperature results in
further weight loss of Ce('PrCp)s which can be seen in form of several inflection points and
peaks of DTG curve. The TGA results suggest 70 °C, the onset temperature of weight loss, as
a reasonable sublimation temperature. The stability of Ce('PrCp)s at 70 °C was studied using
isothermal TGA analysis; the temperature was increased to 70 °C with heating rate of 5 °C-min

! then this temperature was maintained for 240 min.

Figure 14(b) demonstrates that Ce('PrCp)s is unstable at 70 °C and it continuously loses weight.
It is worth noting that the fresh Ce(‘PrCp)s is a dark blue solid; but the residue from the
isothermal TGA was a brownish viscous liquid. The majority of the mass loss happens during
the first 30 min of the isothermal course. This result demonstrates that Ce('PrCp)s is not

sufficiently stable for ALD and is an unsuitable choice of precursor.
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Figure 14. Thermogravimetric analysis of Ce('PrCp)s a) in temperature range of 25 — 150 °C
and b) isothermal weight loss measurement at 70 °C.

A similar TGA study was conducted to investigate the thermal behaviour of Ce(TMHD)4. The
TGA curve of Ce(TMHD)4, Figure 15-a reveals a weight loss onset at 180 °C corresponding
to the sublimation temperature, which can be distinguished with a small peak in DTG curve at
188 °C. At temperatures above 220 °C, Ce(TMHD)4 experiences rapid weight loss which can
be attributed to the onset of decomposition. The DTG curve shows a prominent peak at 270
°C; this suggests that the majority of sample has decomposed at this temperature and this
temperature should be avoided in ALD reactor to prevent the precursor decomposition. The
isothermal TGA study of Ce(TMHD); at 180 °C (Fig. 15-b) shows a steady weight loss of this
material, indicating gentle sublimation of Ce(TMHD)s. This demonstrates the stability of
Ce(TMHD); at this temperature and ease of precursor delivery to ALD reactor. The residue of
this isothermal TGA study had the same appearance and colour of fresh Ce(TMHD)s.
According to TGA results, Ce(TMHD)4 seems to be stable precursor that can be easily

delivered to ALD reactor; hence, this precursor was selected for cerium ALD study.
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Figure 15. Thermogravimetric analysis of Ce(TMHD)4 a) in temperature range of 25 — 300 °C
and b) isothermal weight loss measurement at 180 °C.

To make sure that Ce(TMHD)4 is stable at 180 °C and it is possible to deliver it intact into the
ALD reactor, the XPS spectra of fresh Ce(TMHD)4 was compared with the spectra of
Ce(TMHD)4 collected form the sublimator of the ALD setup after 20 hours of overall
experiment at 180 °C, and the spectra of the Ce(TMHD)4 condensate obtained from delivering
the precursor into the ALD reactor at room temperature. The obtained spectra are presented in

Figure 16.

The carbon 1s spectra of these three samples are identical which indicates the same type of
organic ligands present in these samples. The oxygen 1s spectra of these samples also look
similar in shape; however, there is subtle difference between the Ce(TMHD)4 collected from
sublimator and those two other samples. The deconvolution of oxygen 1s spectra of this sample
reveals a tiny peak located at ca. 535.8 eV which is absent in two other spectra. This peak
belongs to oxygen in silicon oxide * and probably is due to contamination of the sample with
quartz wool which was used for packing the sublimator. The other difference between the
oxygen 1s spectra of these three samples is the intensity of the peak located at ca. 529.2 eV

which belongs to cerium-oxide bond >**°, This peak has the highest intensity in the spectra of
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Ce(TMHD)4 condensate, collected from ALD reactor; the peak area percentage of peak at
529.2 eV in fresh, used, and condensate Ce(TMHD)s is 8.5 %, 11.8 %, and 16.3 %,
respectively. This suggests that probably a portion of the TMHD ligands are detached and the
oxygen-cerium bonds are formed in these samples. The high intensity of this peak in the
condensate case also could be attributed to the method of sample preparation; the condensate
Ce(TMHD)4 was dissolved using ethanol and drop-casted on XPS sample holder that was
heated up to 120 °C aiming at rapid evaporation of solvent. This process can easily result in
cerium-oxygen bond formation in the sample. The cerium 3d spectra of these three samples
reveals the same shape which is the typical shape spectra of cerium oxide ** *°. The XPS study
of these three samples demonstrates that Ce(TMHD)4 is successfully sublimated and delivered

into the ALD reactor.
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Figure 16. The XPS spectra of a) fresh Ce(TMHD)4, b) used Ce(TMHD)s, and ¢) Ce(TMHD)4
condensate collected from ALD reactor: 1) carbon 1s, 2) oxygen 1s, and 3) cerium 3d spectra.

B. Atomic layer deposition of cerium oxide on titanium oxide

nanoparticles

The first step of our attempts for ALD of cerium oxide on TiO; was pretreatment of TiO> using
ozone enriched synthetic air, aiming at increasing the surface functional groups that can
initiate/enhance the chemisorption of ALD precursor on the surface. Figure 17 depicts the XPS
spectra of fresh and pretreated Anatase TiO.. Both carbon 1s and oxygen 1s spectra
demonstrate significant increase of the surface functional groups of TiO. after ozonation. The
carbon 1s spectra of fresh TiO> reveals a main peak of aliphatic bonds, located at 284.8 eV. It
also contains two minor peaks located at ca. 286.4 eV, corresponding to alcoholic/ether bonds,
and ca. 288.6 eV attributed to ketone bonds. The carbon 1s spectra of fresh TiO2 also contains
a tiny peak at ca. 283.3 eV which is attributed to a carbon double bond which that is absent in
the spectra of pretreated anatase. This peak probably is originated from carbon tape which is

used for sample immobilization on sample holder.

The pretreatment of TiO. using ozone enriched synthetic air decreases the intensity of the
aliphatic carbon peak and increases the intensity of the alcoholic/ether peak significantly. Also,
a peak corresponding to carboxylic acid/ester components emerges in the pretreated sample %
> Table 5 summarizes the quantification of organic compounds calculated based on the peak
area of different identified compounds (area %). This results demonstrate that the pretreatment

of TiO2 has significantly increased its surface functionality.
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Figure 17. The XPS spectra of a) fresh anatase TiO; and b) pretreated anatase TiO,: 1) carbon
1s and 2) oxygen 1s.

Table 5. The quantification (peak area %) of organic compounds calculated based on peak
area of different identified compounds.
XPS peak area percentage

c-C/ C-OH/ + Lattice Hydroxide / Water / organic
Sample c=C C=0 0-C=0 :
C-H C-0-C © oxygen defective oxide oxygen
Fresh a- :
75.26  2.49 12.56 9.69 na. . 77.52 21.66 0.82
TiO,
Pre-

treated a- 50.15 n.a 36.30 9.84 3.7 33.83 47.66 18.51

TiO2

Consistent with the results obtained for carbon 1s spectra, the oxygen 1s spectra indicated a

significant change in pretreated TiO. after ozonation. The oxygen 1s spectra of fresh TiO>
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contains the main peak of lattice oxygen of TiO; at ca. 530 eV and a minor peak at ca. 531.7
eV that corresponds to surface hydroxides or defective oxides. There is also a tiny peak at ca.
533.5 eV which is attributed to surface water or organic oxygen. The oxygen 1s spectra of pre-
treated TiO: reveals the same peaks, however, with significant difference between their ratios.
As is shown in Figure 17, the majority of surface oxygen in this sample is in forms of
hydroxide, defective oxide, organic oxygen, and water. The oxygen 1s spectra of pre-treated
TiOz is shifted about 1 eV to higher binding energies which can be originated from increased
defects on the surface of TiO; after ozonation *8. Such increased surface functional groups and
defects makes the pre-treated TiO2 NPs a suitable support for any ALD process. Hence, the
ozone treated TiO> NPs were used as support for attempts of cerium oxide ALD. However, the
TiO2 NPs without pre-treatment were also employed to investigate the effect of ozone treatment

and ALD of cerium oxide.

Despite the abundance of surface functional groups after pretreatment of TiO2> NPs, all the
efforts for ALD of cerium oxide on both anatase and rutile TiO2 NPs were unsuccessful. The
temperature of the ALD reactor in these attempts was varied in the range of 200 — 260 °C and
ozone or water were used as oxidizing agent. We avoided higher temperatures to work in what
can be considered an appropriate temperature region and avoid the precursor decomposition

which was observed at 270 °C using TGA study of Ce(TMHD)a.

However, at the end of the process cerium oxide was not detectable using both elemental
analysis methods employed in this work, i.e. XPS and ICP-OES. Figure 18 illustrates the XPS
carbon 1s and cerium 3d spectra of rutile TiO2> NPs pretreated using ozone enriched synthetic
air after ALD attempts. The temperature of ALD reactor was 230 °C and ozone enriched
synthetic air (Fig. 18-a) and water (Fig. 18-b) were used as oxidizing agent in these two cases.
As obviously can be seen in Figure 18, ozonation has increased the surface functional groups
of rutile TiO2, as previously observed in the case of anatase TiO.. However, the abundance of
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such surface functional groups does not lead to Ce(TMHD), activation and chemisorption on
the surface of TiO2 NPs. The cerium 3d spectra of these samples reveal noise/background and

there is no peak detectable, demonstrating absence of cerium in these samples.
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Fig. 18. The XPS spectra of Rutile TiO2 pretreated using ozone enriched synthetic air after
ALD attempts using a) ozone enriched synthetic air and b) water as oxidizing agent: 1) carbon

1s and 2) cerium 3d.

To make sure that the changes of the surface of TiO> NPs induced by ozonation does not hinder
its surface reactivity, hence the cerium ALD, attempts were also done to deposit cerium oxide
on the untreated TiO2 NPs. Fig. 19 depicts the XPS spectra of anatase TiO2 NPs that were used
for ALD attempts without ozonation. The temperature of ALD reactor was 250 °C and ozone

was used as oxidizing agent. The carbon 1s spectra of this sample again demonstrates the effect
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of ozonation on surface functionality of TiO2 NPs; as obviously can be seen, the majority of
carbon in this sample is aliphatic carbon and a little amount of functional groups exist on the
surface of this sample. There is also a relatively big carbon double bond peak that is originated
from the carbon tape. Similar to previously discussed samples, there is no peak observable in
the cerium 3d spectra of this sample that demonstrates ALD of cerium oxide on TiO2 NPs is

unlikely using the experimental condition of this work.
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Fig. 19. The XPS spectra of Anatase TiO, without pretreatment after ALD attempts a) carbon

1s and b) cerium 3d.

Our observations suggest that there is a major energy barrier for activation of Ce(TMHD)4 on
the surface of TiO: that needs higher temperatures to surmount it and initiate the first step of
ALD process, the chemisorption of Ce(TMHD)4 on TiO>. Hence, atomic layer deposition of
cerium oxide on titanium oxide is not favorable in an appropriate temperature region that

avoids decomposition of Ce(TMHD)s.

V. DISCUSSION
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Previous experimentally reported growth rates of CeOx are generally quite low and in fact in
this work we find no growth of CeOx on TiO. For example, the thermal ALD using Ce(THD)4
and Os has a low growth rate of 0.32 [I/cycle. It is slightly increased to 0.43 [I/cycle by
modifying the ligand with phenanthroline using Ce(THD)sphen and Os.24 % Additionally, the
deposited CeOx films have impurities including hydrogen, carbon, and fluorine. The
cyclopentadienyl precursor Ce('PrCp)s also has a low growth rate of 0.2-0.3 [)/cycle with H,O
as the co-reactant.?® % If the O-source is changed to O plasma, the deposited film is impurity-
free but has a low growth rate of 0.35 [l/cycle.®! The growth rate is greatly improved to 1.9
[/cycle using a novel heteroleptic cyclopentadienyl-amidinate precursor Ce(iPeCp)2(N-iPr-

amd).2° However, the synthesis of heteroleptic cerium complex is rather difficult.
Yy p p

TiOz is naturally present in three main phases including anatase, brookite, and rutile. Anatase
is the most stable polymorph at the nanoscale. Two representative surface facets are a-
TiO2(001) and a-TiO2(101). A-TiO2(101) is the majority facet and a-TiO2(001) is the minority
facet but has high activity.® For rutile crystallites, r-TiO2(110) surface is the thermodynamically
most stable crystal face and the dominating facet. Here, the experimentally reported low
deposition rate is explained by the non-favorable ligand elimination reaction on the majority
facet a-TiO2(101). Our DFT results and barrier analysis are in line with experimental results.

The surface facet of TiO2 plays an important role in precursor adsorption and reaction.

VI.CONCLUSION

The deposition of CeOx onto TiO> surfaces is studied with density functional theory
calculations. The nature and stability of surface hydroxyl groups on anatase and rutile TiO>
surfaces are first investigated. The computed Gibbs free energy indicates that at operating

condition (temperature 230°C, pressure 1 bar), the most stable surface hydroxylation coverages
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are 0.81ML on a-TiO(001) surface, 1ML on a-TiO2(101) and r-TiO2(100) surfaces, and
0.75ML on r-TiO2(110) surface. Two presentative Ce atom precursors, Ce(TMHD)4 and
Ce(MeCp)s, are placed on these stable hydroxylated TiO surfaces. For both precursors, upon
adsorption, there is surface hydroxyl recombination and H20 formation on r-TiO2(100) surface
and breaking of symmetry of hydroxyl groups on a-TiO2(101) surface, which result in lower
energy of hydroxylated TiO». The final stable surface hydroxylation coverages are 0.25ML for
Ce(TMHD)4 adsorption on r-TiO2(100) surface and 0.94ML for Ce(MeCp)s adsorption on r-

TiO2(100) surface.

For gas-phase Ce metal precursor, the breaking of bond between Ce atom and ligand is
endothermic. Ce(TMHD)s has a moderate energy gain of 1.49eV. The ligand elimination
process starts with Ce-ligand bond breaking. The deposition using Ce(TMHD)4 precursor is
temperature sensitive. At elevated temperature, the deposition changes to chemical vapour
deposition process. Ce(MeCp)z has a high energy gain of 3.60eV. The ligand elimination
process is via hydrogen transfer from surface hydroxyl group. The computed barriers are
moderate on a-TiO2(001) and r-TiO2(110) surfaces for all hydrogen transfer steps. The three
MeCp ligands are eliminated completely and the deposited Ce atom binds to surface O atom.
However, there is no Ce atom deposition on a-TiO2(101) and r-TiO2(100) surfaces due to
endothermic reaction and high barriers. The computed barriers for the first hydrogen transfer
are 2.88eV on a-TiO2(101) and 2.55eV on r-TiO2(110). The formation and desorption of
MeCpH are not favoured. For TiO2 nanoparticle, a-TiO2(101) is the majority surface facet. The
experimentally reported lack of CeOx deposition can be explained by the non-favourable ligand

elimination process on low energy surface facets of TiO».
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