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Abstract

Adsorption of TiCl4 molecules on the reduced [1 1 0] surface of TiO2 is in-
vestigated using density functional theory with plane wave basis sets and pseudo-
potentials. Adsorption energies and barriers are calculated and discussed. The rate
of this adsorption process is calculated using transition state theory with estimated
vibrational frequencies. Derived activation energies are within error bounds of the
experimental activation energy for surface growth, consistent with the hypothesis
that TiCl4 adsorption is the rate limiting step to growth. However, quantitative pre-
dictions of the rate can not be made based on these theoretical calculations alone, due
to sensitive dependence on the vibrational frequencies. Building on the theoretical
work presented here and previous experimental results a new kinetic model is con-
structed consisting of a TiCl4 adsorption step followed by a secondary reaction with
gaseous O2. Simulations of a plug flow reactor are used to fit the kinetic constants for
the rate limiting adsorption step. Unlike the previous phenomenological models, this
new Eley-Rideal model is under the theoretical limit at all conditions and contains a
physically motivated dependence on gas phase concentrations.
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1 Introduction

Titanium dioxide (TiO2) is widely used as a pigment, as a catalyst support, and as a pho-
tocatalyst. The combustion of titanium tetrachloride (TiCl4) to synthesise TiO2 nanoparti-
cles is a multi-million tonne per year industrial process [10]. Typical operating conditions
involve purified TiCl4 being oxidised at high temperatures (1500–2000 K) in a pure oxy-
gen plasma or flame to produce TiO2 particles [7, 14]. TiO2 crystallises in three different
forms: rutile, anatase and brookite. Rutile is tetragonal and fully described by three pa-
rameters: a, c and, u. The parameters a and c are shown in Figure 1, u defines the
fractional coordinate of the O atom.

(a) Rutile unit cell.

Bridging oxygens

(b) Rutile 110 surface.

Figure 1: Unit cell of rutile TiO2 and the stoichiometric [1 1 0] surface. Titanium atoms
are white, oxygen atoms are black. The oxygen atoms at the top of (b) we call
bridging oxygen atoms. When there is no oxygen atom present we refer to the
site as an oxygen vacancy.

The majority of titania is produced in the rutile form because it is the most stable and has
the highest refractive index. These qualities are both crucial for its application as a pig-
ment; gaining the ability to control them is a major technological challenge. The chloride
process is well established but we still lack a full understanding of how particles incept
and grow. Controlling particle size distributions and other important particle properties
depends on a fundamental understanding of particle growth.

This work is concerned with surface growth, the rate of which is not well understood.
Simulations conducted so far [24, 26, 37, 39, 45], have relied on the first-order rate ex-
pression measured by Ghoshtagore [13] at 673–1020 K:

dNTiO2

d t
= A [TiCl4] 4.9× 103 cm s−1 × exp

(
−74.8 kJ/mol

kBT

)
(1)

where NTiO2
is the amount of TiO2 deposited, A is the surface area, and [TiCl4] is the

concentration of gas phase TiCl4. However, recent work has cast doubt on this rate [46],
which is often applied well beyond the conditions at which it was attained. Given the im-
portance of surface growth to the overall synthesis process it is imperative to improve our
estimate for the overall rate. Competition between gas phase and surface reaction in the
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particle formation process is critical to particle properties [26]; any modelling investiga-
tion is dependent on accurate rates. Theoretical investigations have suggested that surface
growth may be important in phase determination [33]. Furthermore, additives will likely
have an impact on surface growth rates [32, 34, 38] and a detailed molecular model of
surface reactions is required to investigate this.

The major experimental conclusion of Ghoshtagore [13] is that an Eley-Rideal model is
operating with atomic oxygen as the chemisorbed species and molecular TiCl4 colliding
on the surface from the gas phase. However, the more recent work by Smith et al. [35]
claims that the surface can grow by reaction of gaseous O2 with the reduced surface.
They provide useful information about the O2 adsorption step, arguing that it is reaction
of molecular oxygen in the gas phase with Ti 3+ ions on the surface that is the rate limiting
step. The latter work does not suggest a mechanism for taking TiCl4 out of the gas and is
concerned with conditions that are different to those in an industrial reactor given that no
TiCl4 is present. Figure 2 shows the different conditions used in experiments and industry,
and highlights the need for a versatile surface growth model.
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Figure 2: The work is motivated by concern over the application of the experimentally
measured surface growth rates of Ghoshtagore [13] to industrial operating
conditions, where it has been applied in previous models.

The best investigated surface of TiO2 is [1 1 0]. This is partly because it is the most stable
surface and therefore has the largest area on the minimum energy crystal [29]. There
are fewer investigations into the other surfaces but key processes may be similar across all
faces. The adsorption of H2O, CO and other species onto this surface has been investigated
using Density Functional Theory (DFT) as it is applied in this work [17, 21, 36].

Cl adsorption and desorption on [1 1 0] has been investigated theoretically using DFT
[19]. This study was a first attempt at understanding the overall surface growth process.
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It mentions the importance of TiCl4 adsorption but does not investigate it. Since the rate
has been found to be first order with respect to TiCl4 concentration [13], and since this
species is the most abundant Ti species at industrial temperatures, its adsorption is likely
to be a critical process.

The first aim of this work is to investigate the atomistic processes involved in TiCl4 ad-
sorption. This will allow us to determine the rough form any kinetic model should take.
Comparisons will be made between theoretical rates in limiting cases in order to test cur-
rent assumptions about surface growth. The second aim is to construct a kinetic model
for surface growth. Simulations of particle formation and growth will then be used to fit
parameters in this model. This will allow us to provide a kinetic model that is motivated
by an understanding of the atomistic processes involved, and capable of reproducing ex-
perimentally observed rates. The availability of multiscale models where each process
has been validated in this way will facilitate future detailed particle simulations [5, 42],
and simulations of nanoparticle formation in reacting flow [1–3, 22].

2 Computational method

This section summarises the theoretical tools used in the paper and details the convergence
studies conducted in order to find suitable settings for the calculations. The CASTEP [6]
DFT software package is used for all the first-principles work. This uses pseudo-potentials
and plane wave basis sets. The calculations are performed using the Perdew-Burke-
Ernzerhof (PBE) [25] Generalised Gradient Approximation (GGA) functional. This func-
tional has recently been shown to successfully reproduce bond lengths and energies [33].
Vanderbilt ultra-soft pseudo-potentials [41] are used to represent the core electrons.

2.1 General parameters

This section describes convergence studies with respect to the key calculation parameters;
basis set size, and k-point spacing. All calculations use a basis set cutoff energy of 400 eV
which agrees with values found in the literature for similar systems [20]. A cutoff of
400 eV was chosen after a convergence study with respect to surface energies, where
errors due to basis set truncation were converged to< 0.01 eV. A 4 × 4 × 1 Monkhorst-
Pack grid [23] is used to derive a uniform set of irreducible k-points in reciprocal space.
For transferability between systems of varying size, we refer to the k-point spacing, which
is found to be converged for TiO2 surface systems at a value of ≤ 0.04 Å−1 in all spatial
directions.

Spin-polarized calculations are used throughout. All the structures investigated changed
only slightly when separately optimised for singlet and triplet states. The difference in
energy between the optimised geometries at both spin states was uniformly < 0.01 eV.
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2.2 Boundary conditions

We use a Ti24O48 periodic supercell with a 15 Å vacuum slab and six TiO2 layers. Figure 3
shows convergence of surface energy with respect to number of layers. We are converged
in terms of absolute energies to within 0.05 J m−2, which is sufficient for the energy
differences we are calculating. Previous studies have restrained lower atoms in order to
enforce the bulk geometry, however this leads to a strained cell and could introduce errors
in surface energies. We allow all atoms to relax fully. These settings were chosen based
on independent convergence tests with respect to surface energy for each parameter. All
these convergence criteria are in broad agreement with the recommendations of Kiejna
et al. [20].
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Figure 3: The calculated surface energy as a function of number of layers. The graph
oscillates due to alternating alignment and non-alignment of bridging oxygens.
It is possible to estimate the converged value based on only a small number of
calculations on smaller films. We are interested in relative values which show
weaker dependence on the number of layers.

The largest source of error is probably due to lateral interaction of TiCl4 molecules with
their image in the neighboring supercell. Figure 4 shows the interaction energy of isolated
TiCl4 molecules with respect to separation. Equation 2 can be used to calculate lateral
interaction energy using the data presented in Figure 4.

Elat =
∑
m

cmVm, (2)
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where cm is the number of each interaction typem, and Vm is the energy of the interaction.
Each adsorbed TiCl4 effectively interacts with four adjacent mirror images, two in one
direction and two in the other. The total of these four lateral interactions is +12 kJ/mol.
It is difficult to ascertain the errors this will introduce to the transition state and adsorption
energies. It is possible that lateral interactions will cancel out when the total adsorbed
energy is subtracted from the total desorbed energy. Nevertheless, we expect errors of
around 12 kJ/mol.
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Figure 4: Interaction energy between two TiCl4 molecules in a large cell as a function
of Ti atom separation from single point calculations. The supercell sizes used
here to calculate adsorption energies correspond to slightly under 5 kJ/mol on
this plot. Lateral interactions are probably the largest source of error.

3 First-principles investigations

This section describes investigations in to possible adsorbed structures for TiCl4, and
calculations of the energetics and rate for TiCl4 adsorption on to an oxygen vacancy.
The aim of this section is to test two hypotheses; that oxygen vacancies are the principle
reactive site and that adsorption of TiCl4 on to them is the rate limiting step.

These hypotheses are made based on some results from the literature. Oxygen vacancies
are one of the most common defect sites on rutile [1 1 0] [12]. Many people have suggested
they are likely to be important reactive sites [19, 31, 43]. Previous work reports that
oxygen coverage is a crucial factor for surface growth [19, 45]. More generally, it is
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widely known that the reactivity of any oxide surface depends on the extent to which
surface ions are coordination unsaturated [40].

3.1 The structure of adsorbed TiCl4

We investigated possible adsorbed states by placing TiCl4 in various configurations around
bridging oxygen atoms and vacancy sites, and then optimising the geometry with respect
to total energy for the two lowest spin states. Figure 5 shows the only structure for ad-
sorbed TiCl4 that we found. All the initial configurations we tried either optimised into
this chemisorbed state, moved away from the surface, or failed to converge. We could not
find a local minimum for TiCl4 on a bridging oxygen.

(a) One supercell. (b) Expanded view.

Figure 5: Optimised adsorbate structure shown on a 6 layer supercell. The expanded
view demonstrates the proximity of adjacent adsorbed TiCl4 molecules. Oxygen
atoms are black, titanium atoms are white. The TiCl4 molecule atop the surface
is all white.
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3.2 The energetics and kinetics of TiCl4 adsorption

The DFT simulations presented above indicate that vacancies may be a preferential ad-
sorption site. We now investigate the potential energy surface for a gas phase TiCl4
molecule approaching and adsorbing at one of these vacancy sites. The results of these
calculations are used with transition state theory to investigate some limiting cases in or-
der to put bounds on the Arrhenius parameters of this process in an attempt to falsify the
hypothesis that it is the rate limiting step.

3.2.1 Adsorption energy

The adsorption energy is calculated using,

∆Eadsorption = Esurface + adsorbed species − Esurface + desorbed species. (3)

The adsorption energy from this calculation is −117 ± 12 kJ/mol. The recommended
error is based on the scale of lateral interactions calculated in Section 2.2. If lateral inter-
action energies are similar in the two right hand terms of Equation 3 there will be some
cancelation and 12 kJ/mol will be an overestimate of the error. This adsorption process
is significantly exothermic. Consider that the initial decomposition of TiCl4 as measured
by Herzler and Roth [18] is endothermic by 387 kJ/mol at 298 K. Given that Pratsinis
et al. [27] measures the overall activation energy as 88.8 kJ/mol, TiCl4 consumption is
clearly auto-catalysed by surface growth.

3.2.2 Energy barrier

Energy barriers correspond to saddle points on the potential energy surface. Here, we use
the approach of Govind et al. [16] to locate the saddle point involved in the adsorption
of TiCl4 on to an oxygen vacancy. We perform a Linear Synchronous Transit (LST)
maximisation followed by a Conjugate Gradient (CG) minimisation. The linear path is
based on an initial optimised geometry of TiCl4 desorbed from the surface and a final
geometry of it adsorbed as in Figure 5. Further refinement can be made by performing a
Quadratic Synchronous Transit (QST) maximisation followed by a CG minimisation. At
the end of each step the average force on nuclei indicates how far from the saddle point
the geometry is.

The potential energy surface in these simulations is highly multimodal and finding the
saddle point to high accuracy is challenging. Figure 6 shows the result of a single LST/CG
step, which gives a barrier of 25 kJ/mol. Alternatively, a further QST/CG step locates a
point on the potential energy surface at 43 kJ/mol. However, forces on the atoms after
one LST/CG step are lower (0.2 eV/Å) than after the subsequent QST/CG step (0.4 eV/Å),
indicating the point at 43 kJ/mol is further from the saddle point where all forces are
necessarily zero.

Forces on atoms are lower at the barrier at 25 kJ/mol, and we therefore recommend this
value for the barrier but must impose a large error bound of ±20 kJ/mol on it. This
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Figure 6: The energy as a function of reaction coordinate (fractional position along lin-
ear path). The main line shows the linear synchronous transit step. The dashed
line from the peak of the linear step shows a conjugate gradient step which
leads to a significant reduction in energy (from 207 kJ/mol to 25 kJ/mol).
The energy scale is defined such that the energy of the desorbed species is 0.
Precise energies and geometries are available as CASTEP output files in the
Supplemental Material.
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energy barrier of TiCl4 adsorption on an oxygen vacancy, 25 ± 20 kJ/mol, is a similar
order of magnitude albeit lower than the overall, 74.8 kJ/mol, activation energy fitted
by Ghoshtagore [13]. Note that when referring to observed/fitted Arrhenius models we
speak of an ‘activation energy’, Ea, and when referring to the physical barrier we use the
term ‘energy barrier’, Eb. A large part of the observed activation energy comes from the
temperature dependence introduced by the partition functions in transition state theory
and not from the actual energy barrier. We will now calculate the temperature dependence
of the overall rate in order to properly test compatibility with Ghoshtagore [13].

3.2.3 Adsorption rate

Rates of adsorption can be estimated using classical transition state theory,

kTST =
kBT

h

Q‡

QrotQvib (Qtrans/V )
exp

(
−Eb

kBT

)
, (4)

where Q‡ is the partition function of the transition state, QrotQvib (Qtrans/V ) is the parti-
tion function of the gaseous species, composed of a rotational (Qrot), vibrational (Qvib),
and translational (Qtrans/V ) contribution, and Eb is the energy barrier to adsorption. The
translational partition function is divided by the volume occupied by the molecule, V ,
in order to give the rate constant in terms of concentrations. When calculating Qvib we
take the classical minimum as the zero of energy so that Eb does not require a zero point
correction. If we assume that all the transition state modes are vibrations then Q‡ will
have five more vibrational modes than Qvib. In order to calculate predictive quantitative
rates it might be necessary to consider rotations in the transition state but for the purposes
of inspecting bounds on the Arrhenius parameters this assumption is sufficient. All of
the partition functions are simple functions of temperature (see Appendix A) and can be
found in any statistical mechanics text book [4].

The geometry of the transition state found in the previous section was not sufficiently
optimised to give a single imaginary frequency. Despite this inaccuracy it is still possi-
ble to consider some limiting cases. If we estimate the new vibrational frequencies of the
transition state by assuming they are all equal to the lowest frequency for any molecule in-
vestigated in West et al. [44] (14.1 cm−1), and assume the original molecular frequencies
are unchanged, we can calculate an order of magnitude estimate for the rate. This estimate
will be an upper limit given that we use a low frequency for all the new modes. We cal-
culate kTST over the range 500–1600 K and fit an Arrhenius form (k = A exp(Ea/kBT ))
to it. Figure 7 shows the calculated rate alongside the fitted rate given by Equation 5,

kTST ≈ 3× 1013 exp

(
60 kJ/mol

kBT

)
cm3 mol−1 s−1. (5)

If the same calculations are performed with the upper limit of the barrier, 45 kJ/mol,
the corresponding activation energy is calculated as 80 kJ/mol. That is, our calculated
activation energy is within error bounds of the Ghoshtagore [13] experimental fit.
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Figure 7: The calculated rate of adsorption of TiCl4 on to a bridging oxygen vacancy us-
ing estimated frequencies for the transition state (solid blue line), which give an
upper limit. The fitted Arrhenius form (dashed red line, k = A exp(Ea/kBT ))
is little improved by a modified Arrhenius form (dashed green line, k =
AT n exp(Ea/kBT )).

The transition state found here was quite far from the surface (lowest molecule atom/surface
atom separation > 3 Å). Based on inspecting the electron density there does not appear
to be any bond breaking or formation; the transition state is sufficiently far from the sur-
face that the vibrational modes will be low frequency. However, to be sure our estimated
frequencies do not lead to drastically erroneous rates we considered the opposite extreme
of high frequency modes. We computed rates by assuming the new vibrational modes
take the value of the lowest frequency mode of TiCl4 (114 cm−1). These bond stretches
are significantly higher than modes associated with a physisorbed transition state. This
indeed led to rates that were considerably slower. However, there was only moderate
impact on the activation energy. Using all combinations of our limiting energy barriers
and frequencies produced activation energies between 30 kJ/mol and 80 kJ/mol. The
frequencies have a large impact on the pre-exponential factor, but the activation energy is
universally higher than the energy barrier by≈ 30−35 kJ/mol regardless of the estimated
frequencies. The error in our calculated activation energy is therefore almost entirely due
to the error in the energy barrier. Full details of these calculations and limits are given in
Appendix B.

3.3 Discussion and recommendations

Until accurate vibrational frequencies can be found it is difficult to give precise, quan-
titative values for the adsorption rate based on first-principles calculations. However,
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calculated activation energies for the adsorption process investigated here agree with the
overall growth rate of Ghoshtagore [13]. This is consistent with the hypothesis that TiCl4
adsorption on an oxygen vacancy is the rate limiting step to surface growth. After the
TiCl4 adsorption step, the Cl atoms can desorb leaving Ti 3+ ions which are free to en-
ter the lattice and subsequently react with molecular oxygen for which Smith et al. [35]
observe a 25 kJ/mol barrier. This overall model for the process is in agreement with
Rasmussen et al. [30] and Smith et al. [35] and would explain the activated growth pro-
cess, as well as its order of magnitude compared to the collision limit. This description
of surface growth will be used to construct a kinetic model in the next section. The major
conclusions of this section are:

• The adsorption energy for TiCl4 adsorbing on to an oxygen vacancy is −117 ±
12 kJ/mol and the energy barrier is 25± 20 kJ/mol.

• Transition state theory calculations using limiting values for the vibrational frequen-
cies indicate that the activation energy for the adsorption rate is 55 ± 25 kJ/mol.
We can not impose reasonable bounds on the pre-exponential factor based on these
calculations.

• The theoretically calculated activation energies are consistent with the hypothesis
that adsorption of TiCl4 on to an oxygen vacancy site is the rate limiting step during
the surface growth of TiO2.

4 A kinetic model for surface growth

In this section we build a kinetic model for surface growth based on experimental results
from the literature and conclusions from the theoretical work presented in the previous
section. There are two basic models for surface growth: Eley-Rideal and Langmuir-
Hinshelwood. Ghoshtagore [13] rules out a Langmuir-Hinshelwood mechanism based on
the observed temperature and concentration dependence. If the reaction proceeds via an
Eley-Rideal model then there are two basic forms to consider: O2 adsorbs first and reacts
with gas phase TiCl4, or TiCl4 adsorbs followed by reaction with O2.

Table 1 shows the Ghoshtagore [13] reaction scheme and two possible Eley-Rideal mod-
els that give similar rates. In the case of an infinitesimal surface where gas phase concen-
trations do not change, these processes enable a final state to be reached where surface
coverage and TiO2 growth rate both reach a steady state. In order to check these models
give similar TiO2 growth rates, Cantera [15] is used to integrate the corresponding ordi-
nary differential equations and calculate this final rate. We define the quasi-steady state to
be reached when the surface growth rate does not change by more than 10−5 µm s−1 over
a period of 0.1 ms. These quasi-steady state growth rates are frequently good approxima-
tions of actual growth rates due to the time scales concerned being considerably shorter
than time scales involving variations of gas phase species concentrations [8]. Appendix C
gives an overview of the ordinary differential equations which derive from an Eley-Rideal
model with TiCl4 adsorption first.
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Table 1: Simple reaction schemes that could be used to model growth. (g) and (s) signify
gas and solid species respectively. S ∗ is used to represent a generic reactive
surface site, TiCl4

∗ and O2
∗ represent adsorbed TiCl4 and O2. We assume S∗

to be a bridging oxygen vacancy but it makes no difference to the macroscopic
behaviour of the model. Rate constants are calculated based on 100% coverage
of reactive sites and a surface site density of 9.43 × 10−10 mol cm−2 from
calculated lattice constants [33].

k = A Tn exp(−Ea/kBT )

A n Ea
# Reaction cm3mol−1s−1 - kJ/mol

Model A: Ghoshtagore (zero order with respect to O2):

1 TiCl4(g) + S∗ + O2(g) −−→ TiO2(s) + 2 Cl2(g) + S∗ 5.2× 1012 0 74.8

Model B: Eley-Rideal with O2 adsorption first:

1 O2(g) + S∗ −−→ O2
∗ 6.8× 1011 1

2 0.0

2 O2
∗ + TiCl4(g) −−→ TiO2(s) + S∗ + 2 Cl2(g) 5.2× 1012 0 74.8

Model C: Eley-Rideal with O2 adsorption second:

1 TiCl4(g) + S∗ −−→ TiCl4
∗ 5.2× 1012 0 74.8

2 O2(g) + TiCl4
∗ −−→ TiO2(s) + 2 Cl2(g) + S∗ 6.8× 1011 1

2 0.0
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4.1 Oxygen dependence

Ghoshtagore [13] suggests that O2 adsorbs first based on some limiting case observations
of the behaviour of the growth rate. He observed that at low O2 concentrations,

dNTiO2

d t
∝ A [TiCl4(g)] [O2(g)]1/2, (6)

but at high O2 concentrations,

dNTiO2

d t
∝ A [TiCl4(g)], (7)

where A is the surface area. We suggest an alternative interpretation of this observation;
the process that removes O2 from the gas phase is fast compared to the corresponding
process for TiCl4. One can construct two mechanisms which show the same behaviour,
one with O2 chemisorption first followed by reaction with TiCl4 and another with the
opposite ordering. Models B and C in Table 1 produce identical rates after they have
been integrated to quasi-steady state constant coverages. When the oxygen adsorption
rate is collision limited, models B and C behave identically to model A except at low O2
concentrations.

Ghoshtagore [13] defines a ‘critical oxygen partial pressure’, given by pO2crit
∝ (pTiCl4

)3,
below which there is half order oxygen dependence. Defining the oxygen dependence
in this way is equivalent to giving the reaction an order of −3/2 with respect to TiCl4.
Figure 8 shows the behaviour of both the original rate and that with his recommended
oxygen dependence. The difference becomes large at industrial concentrations where the
growth rate with half order O2 dependence becomes low. Extrapolation of this model to
industrial conditions is not recommended.

This discussion has focused on what assumptions about the kinetic model can be made
based on previous experimental investigations. The key results we take from these inves-
tigations are:

• Ghoshtagore [13] observes that surface growth shows half order dependence on
oxygen concentration at low oxygen concentrations and is zero order in oxygen
otherwise. From this result we argue that the process removing O2 from the gas
phase is fast compared to the corresponding process for TiCl4.

• This oxygen dependence could be modelled by two equivalent Eley-Rideal models.
It is well established that the surface is usually reduced [9], and Smith et al. [35]
show that a reduced surface can grow by reaction with gaseous O2. This suggests a
model with TiCl4 adsorption first.

• The mathematical form given by Ghoshtagore [13] for half order oxygen depen-
dence can not be extrapolated beyond the low TiCl4 concentrations used in his ex-
periments.
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Figure 8: The surface growth rate as a function of [TiCl4] for the Ghoshtagore [13]
model. The black line shows how it has typically been applied with zero or-
der oxygen dependence. The red line shows the modified rate with half order
oxygen dependence. This is shown at relatively low concentrations of TiCl4. As
[TiCl4] increases the difference becomes large.

4.2 Simulating a plug flow reactor

The work presented in this paper was originally motivated by the failure of previous sim-
ulations [46] to reproduce the observations of Pratsinis et al. [27]. In this section, we
investigate the impact of surface growth rates on these simulations using the moment
method with interpolative closure to solve the population balance and couple it to the gas
phase chemistry. This method is an inexpensive alternative to stochastic population bal-
ance solvers. It does not provide such detailed information about particles but has recently
been shown to agree with stochastic simulations in terms of overall rates and low-order
moments of the resulting size distributions [11].

The original Pratsinis et al. [27] investigation measured the reaction of [O2]/[TiCl4] = 5
in argon (99% by volume) in a tube, with an internal diameter of 1/8 inch, heated to
973 − 1273 K. Pratsinis et al. [27] calculate an effective rate constant for the overall
oxidation kinetics of TiCl4 vapour,

keff = − ln (Co/Ci)

t
, (8)

assuming the reaction is first-order in TiCl4 with Arrhenius kinetics and where Ci and
Co are the measured inlet and outlet TiCl4 concentrations and t is residence time in the
isothermal zone of the reactor. This experiment was modelled using an imposed temper-
ature profile taken from Pratsinis et al. [27], Figure 3.
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For the purpose of fitting we adopt the simple one step surface growth model,

S∗ + TiCl4(g) + O2(g)
kfit−→ S∗ + TiO2(s) + 2 Cl2(g), (9)

with varying order, m, with respect to O2(g):

d[TiO2(s)]

d t
= kfit [S∗] [TiCl4(g)] [O2(g)]m. (10)

We use this phenomenological form so that reaction order with respect to oxygen can be
investigated. Agreement could only be obtained by changing both the particle inception
model and the surface growth rate. The inception model of West et al. [46] is based on
the collision limited reaction of all titanium species containing two or more Ti atoms.
This inception model was flawed in that reactions forming Ti3OxCly species were not
considered despite the fact that the smallest ‘particle’ in the population balance model
was Ti4O8. We use a new inception model to give an upper limit on the inception rate.
The new model is based on collision limited reactions of any pair of titanium oxychlorides
as defined in Equation 11.

Tix1Oy1Clz1 + Tix2Oy2Clz2 −→
(
x1 + x2

)
TiO2(s)

+

(
y1 + y2

2
− x1 − x2

)
O2 +

(
z1 + z2

2

)
Cl2 x, y, z ≥ 1,

(11)

where, the collision diameter is taken as 0.65 nm. This is the next fastest inception model
after allowing collision limited dimerisation of TiCl4 (which gives rates that are much
too high), and gives some confidence that the fitted surface growth rate will not be an
overestimate. We also rule out the possibility of significant errors due to surface areas
that are too low because there is negligible difference in the overall rate between the zero
sintering (maximum surface area) simulations of West et al. [46] and comparable infinite
sintering (minimum surface area) simulations conducted here.

4.2.1 Parameter estimation and error analysis

We used simulations of the plug flow reactor of Pratsinis et al. [27] to optimise the Arrhe-
nius parameters of the overall surface growth rate of Equation 10.

Figure 9 shows the behaviour of some of the older models along with the new modified
and fitted model. The original model of West et al. [46] is barely distinguishable from
simulations which ignore particle inception altogether; the consumption of TiCl4 is essen-
tially negligible. Since the gas kinetics have been shown to compare favorably to short
time-scale rapid compression machine experiments [28, 46] and are rate limited by well
established experimental rates from shock tube experiments [18] we conclude that it is the
particle processes that were too slow in the simulations of West et al. [46].

17



0.9 0.95 1
−10

−8

−6

−4

−2

0

2

103 K / T (−)

ln
(k

eff
)

 

 

0.49 s
0.75 s
1.10 s

Figure 9: Arrhenius plot of the plug flow reactor results of Pratsinis et al. [27] (filled
shapes). Also shown are simulations of the full particle formation process using
a number of possible models. The light grey lines show simulation results using
only the gas kinetic part of the model presented by West et al. [46]. The dashed
lines show simulation using the full model presented by West et al. [46]. The
solid lines passing through the experimental data points show simulations with
inception processes based on Equation 11, and surface growth rate fitted to the
Pratsinis et al. [27] data.
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Achieving a good fit in Figure 9 was weakly dependent on both the temperature depen-
dence of the surface growth rate and the order,m, with respect to oxygen. We investigated
some limiting cases in an attempt to measure the errors associated with the fitting proce-
dure. The values associated with these cases are shown in Table 4. The table shows a
pseudo rate constant k′fit = kfit × [O2(g)]m at 1050 K for all of the fits and demonstrates
a similar rate in all cases. It follows that we can only make statements regarding ranges
for the activation energy and pre-exponential factor. The pseudo rate constant for the
Ghoshtagore [13] model at 1050 K is 1 × 109 cm3 mol−1 s−1, seven times smaller than
the fitted rates.

Table 2: Limiting values for the Arrhenius parameters based on fitting the rate constant
to Pratsinis et al. [27]. The order with respect to O2 concentration, m, has
negligible impact on the fit. A pseudo rate constant k′fit = kfit × [O2(g)]m is
shown at 1050 K to demonstrate the equivalence of the reaction rates at a typical
simulation temperature. Rate constants are calculated based on 100% coverage
of reactive sites and a surface site density of 9.43 × 10−10 mol cm−2.

kfit = A exp(−Ea/kBT )

m A Ea k′fit
Limiting case - (cm3 mol−1)m+1 s−1 kJ/mol cm3 mol−1 s−1

Low A fit 0 2.3× 1011 32 6.1× 109

High A fit 0 1.1× 1013 64 7.3× 109

Low A fit 1
2 2.1× 1015 40 6.9× 109

High A fit 1
2 2.7× 1015 43 6.4× 109

Low A fit 1 2.1× 1018 30 6.8× 109

High A fit 1 2.1× 1019 50 6.9× 109

The fitted activation energies, 50± 20 kJ/mol, are similar to those from the theoretically
calculated rates, 55 ± 25 kJ/mol, in Section 3.2.3. There is a factor of 10 difference in
k′fit, between the limiting cases in Table 4 when extrapolated to 2000 K. These extremes
are 1/2 and 5 times the Ghoshtagore [13] rate at 2000 K. Since oxygen is in five fold
excess similar fits are achieved with m = 0, 1/2, 1. Conclusions about the relative order
with respect to oxygen can not be made based on this data.

4.3 Recommended model

Building on these new fits and the restrictions on the form suggested by the theoretical
investigations, we suggest a kinetic model for future simulations in Table 3. This shows
the Eley-Rideal kinetic model in which the TiCl4 adsorption rate is set to give growth rates
equal to the fitted reactions in Table 4. Figure 10 shows the steady state growth rate of
this model as a function of TiCl4(g) concentration at a number of O2(g) concentrations.
The secondary O2 reaction is given the collision limited rate multiplied by an exponential
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sticking probability using the activation energy measured by Smith et al. [35]. This step
is considerably faster than the rate limiting TiCl4 adsorption step. At stoichiometric con-
centrations, coverage of S∗ is over 98% at the quasi-steady state, and the model behaves
like a one step model. Only at low O2 concentration does the coverage of TiCl4

∗ become
appreciable. This goes some way to explain the non linear dependence on oxygen concen-
tration. Further insight into the pre-exponential factor for the O2 adsorption step would
allow the model to be applicable in the full range of TiCl4/O2 concentration regimes.

Table 3: The recommended kinetic model with a TiCl4 adsorption rate found by fitting the
overall surface growth rate to Pratsinis et al. [27]. (g) and (s) signify gas, and
solid phases respectively. S∗ is used to represent a generic reactive surface site,
TiCl4

∗ represents adsorbed TiCl4. Rate constants are calculated based on 100%
coverage of reactive sites and a surface site density of 9.43 × 10−10 mol cm−2.
The model is available in Cantera format [15] as Supplemental Material.

k = A Tn exp(−Ea/kBT )

A n Ea
# Reaction cm3 mol−1 s−1 - kJ/mol

1 TiCl4(g) + S∗ k1−→ TiCl4
∗ 2.1× 1012 0 50

2 TiCl4
∗ + O2(g) k2−→ TiO2(s) + 2 Cl2(g) + S∗ 6.8× 1011 1

2 25

Table 4 demonstrates that the data can be fitted using many A/Ea combinations. The
particular fit was chosen so as to have an activation energy that was central to the range
given in Table 4. Table 3 shows the Arrhenius parameters we present based on assuming
100% coverage of reactive sites and a surface site density of 9.43 × 10−10 mol cm−2.
Obviously, if further insight into the coverage of oxygen vacancies becomes available the
fitted rates must be adjusted accordingly. Given the wide range of Arrhenius parameters
that gave good fits the recommended rate is only valid in this temperature range.

The multiscale model is highly non-linear and it is difficult to ascertain rates of individual
processes using optimisation techniques. This is a critical issue for the community to
resolve because the relative rates of gas kinetics, inception, and surface growth determine
particle properties such as the particle size distribution. More work needs to be done to
understand the relative rates of all the processes involved. While these parameter fitting
studies do not provide a fine degree of accuracy, they are useful for investigating the
relative rates of important processes and highlight the incompatibility between the surface
growth rate of Ghoshtagore [13], the reaction rates of Herzler and Roth [18], and the
inception model of West et al. [46]. The main conclusions of this section are:

• The fitted activation energy for TiCl4 adsorption is 50 ± 20 kJ/mol, which agrees
with the theoretically calculated value of 55 ± 25 kJ/mol. The pre-exponential
factor is 2.1× 1012 cm3 mol−1 s−1 to within a factor of ten.

• We can not fit the rate of oxygen adsorption based on the data in this paper. We
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Figure 10: Quasi-steady state growth rate of the recommended model (defined in Table 3)
at 2000 K and atmospheric pressure, as a function of [TiCl4]. TiCl4 concen-
tration is varied at a number of fixed O2 concentrations. The remaining gas is
argon.

therefore assume a collision limited reaction with an exponential sticking probabil-
ity based on the experimental investigation of Smith et al. [35].

• For future simulations, we recommend the kinetic model for surface growth shown
in Table 3.

5 Conclusions

We have presented a first-principles study into the adsorption of TiCl4 on the [1 1 0] surface
of rutile TiO2. Based on these results and previous experimental observations, we suggest
a new kinetic model for surface growth. This model reflects atomistic processes and
behaves in subtle but crucially different ways to previous phenomenological models. We
simulated a plug flow reactor experiment from the literature using the moment method
with interpolative closure to solve the particle population balance and couple it to the
gas kinetic model. A parameter optimisation procedure allowed us to recommend a rate
for the TiCl4 adsorption reaction in the new model. This work leads to the following
conclusions:

• The adsorption energy of TiCl4 onto a bridging oxygen vacancy is−117±12 kJ/mol,
with an energy barrier of 25±20 kJ/mol. The rate of this adsorption was calculated
using transition state theory with estimated vibrational frequencies. These calcula-
tions are consistent with the hypothesis that adsorption of TiCl4 on to an oxygen
vacancy is the rate limiting step to surface growth.
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• Comparisons between previous and possible surface growth models indicate that an
Eley-Rideal model with TiCl4 adsorption first is appropriate.

• The surface growth of TiO2 can be explained using an Eley-Rideal model, with
a TiCl4 adsorption rate fitted to experiment. The activation energy for this TiCl4
adsorption process is 50 ± 20 kJ/mol. This new model incorporates a physically
reasonable dependence on both O2 and TiCl4 concentrations when coupled to the
existing gas kinetic model.
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Appendix A

Here, we specify the partition functions used for the calculation of kTST. The partition
function, Q, is defined by the following sum over the microscopic energy states, i,

Q =
∑

i

gi exp

(
Ei

kBT

)
, (12)

where gi is the degeneracy, and Ei the energy, of state i. The specific partition functions
used to calculate adsorption rates are given below. The translational partition function is,

Qtrans =

(
2πmkBT

h2

) 3
2

V, (13)

where m is the molecular mass, and V is the volume occupied by the molecule. The
vibrational partition functions, with the zero of energy at the classical minimum, are given
by

Q‡, Qvib =
∏
n

(
exp (hfn/2kBT )

1− exp (hfn/kBT )

)
, (14)

where fn is the frequency of mode n. The rotational partition function is given by,

Qrot =
8π2 (8π3IxIyIz)

1/2
(kBT )3

σh3
, (15)

where Ix, Iy, and Iz are the principal moments of inertia and σ is the symmetry factor.
These are used to calculate

kTST =
kBT

h

Q‡

QrotQvib (Qtrans/V )
exp

(
−Eb

kBT

)
, (16)

at different temperatures and an Arrhenius form is fitted to the results. The above form
for the rate comes from the Eyring equation,

kTST =
kBT

h
exp

(
−∆G‡

kBT

)
, (17)

which is derived from assuming a quasi-equilibrium between the activated complex and
the reactants and using statistical mechanics to calculate the equilibrium coefficient. The
central argument of this derivation is that even if the reactants and products are not at
equilibrium the concentration of activated complexes does not change.

In the modified Arrhenius equation with n = 1,

k = AT exp

(
−Ea

kBT

)
, (18)
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Ea is not equal to ∆G‡ because ∆G‡ is a function of T .
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Appendix B

Here, we show a typical calculation of kTST, from the values used in the paper. For TiCl4,

Ix, Iy, Iz = 1576 amu bohr2,

fTiCl4
= (114, 114, 134, 134, 134, 386, 496, 496, 496) cm−1,

σ = 12,

m = 189.679 amu.

For the transition state, we take a limiting value for the five new modes and assume the
original TiCl4 modes do not change,

fest = 14.1 cm−1,

f ‡ = fTiCl4
⊕ (fest, fest, fest, fest, fest)

= (114, 114, 134, 134, 134, 386, 496, 496, 496, 14.1, 14.1, 14.1, 14.1, 14.1) cm−1.

Using these values we can calculate the partition functions at a given temperature. Since
the molecular frequencies do not change, the partition functions derived from them cancel
in Equation 4 and they do not affect the rate. At 1000 K,

Q‡ = 7.0× 1012,

(Qtrans/V ) = 1.6× 1034 m−3,

Qrot = 3.8× 105,

Qvib = 2.4× 104,

QrotQvib (Qtrans/V ) = 1.4× 1044 m−3,

Q‡

QrotQvib (Qtrans/V )
= 5.1× 10−32 m3,

= 3.2× 10−8 m3 mol−1,

kBT

h
= 2× 1013 s−1,

exp

(
25 kJ/mol
kBT

)
= 0.05,

kTST = 3.2× 1010 cm3 mol−1 s−1.

If we change fest to 114 cm−1, then kTST = 9× 105 cm3 mol−1 s−1 at 1000 K. Using the
bounds on the energy barrier from the DFT calculations and physical limits on the new
vibrational frequencies,
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14.1 cm−1 < fest < 114 cm−1,

5 kJ/mol < Eb < 45 kJ/mol,

we can calculate propagated bounds on the activation energy. All the extremes are given
in the following table.

Table 4: Limiting values for the energy barrier and new transition state modes along with
rates calculated using transition state theory. A characteristic rate constant is
shown at 1000 K as are values for the Arrhenius parameters fitted over the
temperature range 500–1600 K.

kArr = A exp(−Ea/kBT )

fest Eb kTST at 1000 K A Ea
cm−1 kJ/mol cm3 mol−1 s−1 cm3 mol−1 s−1 kJ/mol

14.1 25 3× 1010 3× 1013 60
14.1 45 3× 109 4× 1013 80
14.1 5 4× 1011 3× 1013 36

114 25 9× 105 1× 109 60
114 45 8× 104 1× 109 80
114 5 1× 107 8× 108 37

27



Appendix C

This section shows the set of ordinary differential equations that derive from the recom-
mended Eley-Rideal model. If the available surface area per unit volume does not change
they are,

d[TiCl4
∗]

d t
= k1 [TiCl4(g)] [S∗]− k2 [TiCl4

∗] [O2(g)], (19)

d[S∗]

d t
= −k1 [TiCl4(g)] [S∗] + k2 [TiCl4

∗] [O2(g)], (20)

d[TiCl4(g)]

d t
= −k1 [TiCl4(g)] [S∗], (21)

d[O2(g)]

d t
= −k2 [TiCl4

∗] [O2(g)], (22)

d[Cl2(g)]

d t
= 2k2 [TiCl4

∗] [O2(g)], (23)

d[TiO2(s)]

d t
= −k2 [TiCl4

∗] [O2(g)]. (24)

If all concentrations are known at some time t0,

[TiCl4
∗](t0) = [TiCl4

∗]0,

[S∗](t0) = [S∗]0,

[TiCl4(g)](t0) = [TiCl4(g)]0,

[O2(g)](t0) = [O2(g)]0,

[Cl2(g)](t0) = [Cl2(g)]0,

[TiO2(s)](t0) = [TiO2(s)]0,

then one can formulate an initial value problem and integrate the time dependent concen-
trations. The initial values along with the original ODEs provide a complete description
of the mathematical behavior of the new model. It is often useful to investigate growth
rates in a constant gas phase environment. In that case the equations become,

d[TiCl4
∗]

d t
= k1 [TiCl4(g)] [S∗]− k2 [TiCl4

∗] [O2(g)], (25)

d[S∗]

d t
= −k1 [TiCl4(g)] [S∗] + k2 [TiCl4

∗] [O2(g)], (26)
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d[TiCl4(g)]

d t
=

d[O2(g)]

d t
=

d[Cl2(g)]

d t
= 0, (27)

d[TiO2(s)]

d t
= −k2 [TiCl4

∗] [O2(g)]. (28)

Equations 25–28 integrate to the quasi-steady state shown in Figure 10. When the surface
growth model is coupled to the existing gas kinetic model or a population balance solver
then new terms are introduced into the right hand sides of Equations 19–24
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