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Abstract

The relative stability of anatase and rutile in stagnation flame synthesis with stoi-
chiometric mixtures is investigated experimentally. The measurements reveal a high
sensitivity of anatase-rutile composition to the flame dilution. It is demonstrated that
anatase formation is favoured in more dilute (colder) flames while rutile is favoured
in less dilute (hotter) flames. A particle model with a detailed description of aggre-
gate morphology and crystal phase composition is applied to investigate the anatase-
rutile stability. A size-dependent phase transformation model is implemented in
which rutile is formed for particles larger than a “crossover” size while anatase is
formed for those smaller. Two formation mechanisms/pathways are discussed and
evaluated. In the first pathway, the nascent particles are assumed to be stoichiometric
and the crossover size is given by thermodynamic quantities. This hypothesis cap-
tures the general trend in the measured anatase-rutile composition but fails to explain
the sensitivity. In the second pathway, non-stoichiometric TiO,_, oxide intermediates
are assumed and the crossover size is hypothesised to be composition-dependent.
This shows an excellent agreement with the experimental data. However, this hy-
pothesis is found to be strongly influenced by assumptions about the initial particle
growth stages. This study demonstrates the importance of a better description of the
high-temperature chemistry and initial clustering mechanism in order to understand
the crystal phase formation.
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Highlights

e The detailed particle model type space is extended to describe the crystal phase
composition.

e Experimental phase quantification is performed for samples prepared with sto-
ichiometric flames.

e Anatase-rutile stability is strongly influenced by the flame dilution with argon.

e Three different models are proposed and evaluated to understand the origin of
the sensitivity.
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1 Introduction

Synthesis of TiO, particles from gas-phase precurors, 1.e.“bottom-up” approach, is an
industrially important process. Crucial properties of the prepared TiO, such as phase
composition and particle morphology are strongly influenced by the synthesis conditions.
Understanding the phase formation mechanism and particle growth is therefore of great
research interest [51].

Thermodynamically, the relative stability of anatase and rutile is mainly governed by the
competing contributions of bulk and surface energies. Rutile is the thermodynamically
stable phase for bulk TiO,. However, below a certain particle size, surface energy dom-
inates, leading to anatase nanoparticles being energetically more stable. The appearance
of a “crossover” size has been supported by experimental observations [53, 54]. In addi-
tion, the size-dependent stability can also be captured by a simple thermodynamic model
of melting point depression of nano-sized particles [!8] in which the melting point of
nanoparticles depends on the solid/liquid interfacial energy.

While the surface energy-dependent model proved satisfactory in some cases [53], it falls
short of explaining the effect of other factors which are often observed for bottom-up syn-
thesis, including flame-assisted synthesis. Studies have shown that the phase composition
depends on factors such as temperature, oxygen environment, precursor, residence time,
etc. It is generally accepted that oxygen-lean environments favour rutile formation over
anatase. For flame synthesis, the anatase-rutile stability is especially sensitive when the
mixture equivalence ratio (defined as the ratio of the actual fuel/oxygen ratio to the stoi-
chiometric fuel/oxygen ratio) is near 1, i.e. a stochiometric mixture [21, 27, 28, 30, 32].
While the link between the oxygen environment and anatase-rutile relative stability is well
established, the physical mechanisms behind it are not yet fully understood. The oxygen
environment inevitably affects other synthesis conditions such as temperature and particle
residence time. In addition, the formation of other metastable phases, such as TiO,-B
[40] and TiO,-1II [30], suggests that the current understanding of TiO, phase stability is
incomplete.

Liu et al. [27] attempted to explain the effect of an oxidising environment by modify-
ing the surface energy term in the thermodynamic model of Zhang and Banfield [53] to
take into account the oxygen surface desorption. The underlying assumption is that the
bulk structure of the particles remains unchanged, i.e. crystalline TiO,. However, for-
mation of stoichiometric incipient particles is unlikely. For example, Shmakov et al. [47]
show that less-oxidised species such as Ti, TiO, Ti,O; are formed initially in a TTIP-
doped H,/O,/Ar flame. This is supported by a more recent experimental measurement
that demonstrates that Ti and TiO are the main decomposition products of TTIP [13].
Buerger et al. [¢] demonstrate that species such as TiH, Ti(OH), are thermodynamically
stable at flame temperature. These species are likely to constitute the incipient particles
or clusters. For example, Fang et al. [14] detected Ti,O,C|N, clusters with varying oxi-
dation states of Ti which are thought to be the main building blocks of incipient particles
in a TTIP-doped CH,/O,/N, flame. Lastly, the synthesised particles have been shown to
contain oxygen defects in some cases, which likely originate from both surface and bulk

[30, 44].



The formation of sub-oxide intermediates may play a key role in the anatase-rutile stabil-
ity. Ishizuka et al. [19] performs an FI-IR study of TiO, nucleation from supersaturated
vapours and observes oxygen-deficient oxides during the nucleation process. The degree
of oxygen deficiency is expected to affect the anatase-rutile stability. In particular, rutile is
known to better accommodate a high concentration of oxygen defects compared to anatase
[6, 12]. For example, rutile can be easily reduced to form TiO,_, crystals through forma-
tion of defect structures such as double charged oxygen vacancies, Ti interstitial, or planar
defects [12, 23, 34]. The planar defect structure in the main rutile structure, a so-called
crystallographic shear structure, is responsible for the formation of a homologous series
of Magnéli phase which can be expressed as Ti,0,, | withn=23,4,5,... [2, 35]. In rutile
reduction experiments, a weight loss of more than 2% is shown to result in formation of
lower oxides, Ti;O5 or Ti,O5 depending on the temperature [16].

The recent progress in modelling particle formation in laboratory-scale burners opens
the possibility to use computational modelling to study processes that are challenging to
observe experimentally. For example, Lindberg et al. [26] developed a detailed particle
model in which the detailed morphologies of aggregates are tracked. This allows better
understanding of the nano-structure of the particles formed in experiments [24, 25, 31]. In
the current paper, the detailed of description of nanoparticles is further extended to include
crystal phase information in order to better understand the phase formation mechanism.

The aim of this paper is to investigate the origin of the sensitivity of anatase-rutile stabil-
ity in stoichiometric flames when the flame dilution is varied. This is done by comparing
the model prediction to the experimental data. Surface energy and composition phase
stability hypotheses are considered. A composition-dependent crossover size model is
proposed in this work to explain the experimental observations. This paper is struc-
tured as follows. First, the relevant experimental methods and computational details are
described briefly in Sections 2 and 3. The experimental data for phase composition and

particle size are presented in Sections and 4.2, respectively. Next, the origin of the
anatase-rutile stability is discussed in Section where surface energy-dependent sta-
bility (Section ) and composition-dependent stability (Section ) hypotheses are

considered. Lastly, the conclusions are given in Section

2 Experimental methods

The setup used to prepare the TiO, nanoparticles in this study has been described in our
previous work [30]. This is similar to the setup used in other studies [32, 45, 46]. Briefly,
a stoichiometric mixture of ethylene, oxygen, and argon as summarised in Table 1, was
issued from a central aecrodynamic nozzle with a total volumetric flow rate of 28 slpm. The
nozzle had an exit diameter of 1.4 cm, resulting in an exit velocity of 436 cm/s at 150°C.
The nozzle shape induced a flat plug flow of premixed gas that impinged on a stagnation
surface. Titanium tetraisopropoxide (TTIP, > 97%, Sigma-Aldrich) was injected into the
unburned gas mixture with a syringe pump at 8 ml/h, corresponding to 365 ppm mole
fraction. The gas line, precursor line, and burner surface were heated to 150°C to prevent
TTIP condensation. During the experiment, the undoped flame was first stabilised for 15
minutes before TTIP was injected for 4 minutes. A shroud flow of 20 slpm N, gas was



used to stabilise and shield the jet flow from the ambient air.

Table 1: The mixture fractions and equivalence ratio (¢) for all flames used in this study.
T.q and Xo .4 are the adiabatic flame temperature and the equilibrium mole
fraction of O, from the adiabatic simulations.

Case CH, (%) O,(%) Ar(%) ¢ Tua®K)  Xo,

Flame 1 4.5 13.5 820 1.0 2419 091x102
Flame 2 4.7 14.1 812 1.0 2453 1.04x1072
Flame 3 4.7 14.2 81.1 1.0 2457 1.05x107?
Flame 4 4.8 14.3 809 1.0 2466 1.09x 1072
Flame 5 5.0 15.0 80.0 1.0 2500 1.24x1072
Flame 6 5.8 17.4 76.8 1.0 2603 1.78 x 1072

The stagnation surface was located 1 cm under the nozzle to stabilise the flame by flow
stretch. Two configurations of stagnation surfaces were used. The first one was a rotat-
ing (300 rpm), circular stainless steel plate with its rotational axis located 10 cm from
the burner centerline. Slots in the stagnation surface enabled the positioning of glass
substrates while the plate rotation convectively cooled the substrate and the deposited
particles. The deposition time for sample collection was 4 minutes. In the second con-
figuration, a water-cooled non-rotating plate was used as the stagnation surface with a
pinhole orifice for size measurements with a DMS500 fast particulate analyser. The de-
tails of the mobility size measurements and the dilution tests have been given elsewhere
[31]. In both cases, a flat flame was stabilised at 34 mm above the stagnation plate
depending on the flame mixture.

Powder X-ray diffraction (XRD) patterns of the collected samples were recorded with a
D8 Advance diffractometer (Bruker) with Cu K, radiation (40 kV, 30 mA). The 26 scan
range was 20-90° with a step size of 0.02° and 3 s per step. Zero-background silicon sam-
ple holders were used with powder samples pressed to create a dense and smooth film. The
Rietveld refinement was performed with BRASS [5] using a simple size-strain broaden-
ing model, a spline-interpolated background, and experimental instrumental broadening
parameters. Instrumental broadening parameters were obtained experimentally with stan-
dard reference material 640e from NIST. The structural parameters from the inorganic
crystal structure database (ICSD) were used for anatase (no. 92363), rutile (no. 16636),
TiO,-B (no. 41056), and TiO,-II (no. 158778).

3 Computational details

The adiabatic flame temperature is obtained from equilibrium simulations with constant
pressure and enthalpy performed with the kinetics® software package [10]. The initial
conditions are taken as the conditions of the premixed gas mixtures without TTIP in Ta-
ble 1.

The particle formation in the flame was simulated using a two-step methodology [24].
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In the first step, the flame structure, e.g., temperature profile and species composition,
is modelled using a one-dimensional stagnation flow approximation, coupled to detailed
gas-phase chemistry and a simple population balance model solved using method of mo-
ments with interpolative closure (MoMIC) as described by Manuputty et al. [29]. This
is solved as a boundary-value problem using kinetics® [10]. The boundary conditions
are specified according to the experimental conditions with an appropriate axial velocity
gradient chosen to reproduce the experimental flame standing distance as discussed in

[25].

In the second step, the resulting gas-phase profile is post-processed with the detailed par-
ticle model [26] to resolve the aggregate morphology and phase composition. The gas-
phase profile, supplied as input to the population balance simulation, is expressed in terms
of the residence time of a Lagrangian particle travelling from the burner to the stagnation
plate using the combined convective and thermophoretic velocities. To account for the ef-
fect of thermophoretic transport near the stagnation surface, a thermophoretic correction
is introduced to the post-process through a modified simulation sample volume scaling
term. The post-processing methodology is described in detail in [24].

A stochastic numerical method is used to solve the population balance equations [26, 41].
The method employs a direct simulation algorithm with a majorant kernel and fictitious
jumps [ 15, 37] to improve the computational speed of calculating the coagulation rate, and
a linear process deferment algorithm [38] to provide an efficient treatment of sintering and
surface growth. Simulation results are averaged over 4 runs, each with 8192 stochastic
particles.

3.1 Gas-phase chemistry

The chemical reaction model consists of a TTIP decomposition mechanism combined
with hydrocarbon combustion chemistry described by the USC-Mech II model [49]. The
TTIP mechanism contains 25 Ti species and 61 reactions, and describes the decomposition
of TTIP to titanium (IV) hydroxide (Ti(OH),) through the C;H, and CH; abstraction
pathways calculated by Buerger et al. [9] as well as dissociation reactions of Ti(OH), to
form small TiOXHy identified by Shmakov et al. [42] which are assumed to be barrierless
due to the lack of available kinetics data. The mechanism has been published in the
previous work [25]. These are summarised below.

TTIP +— ... +— Ti(OH),
Ti(OH), «— TiO,H,

3.2 Particle type space

Two particle models are used in this work: a univariate (simple) model used in the first
simulation step and a multivariate (detailed) model used in the second step, i.e. post-
processing. The simple particle model describes a particle by the number of constituent
TiO, monomers [29] and ignores the effect of precursor species on the particle composi-
tion. The detailed particle model is described in detail in [26], so only a brief description
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is given here.

An aggregate particle P, containing n,(P,) primary particles is represented as

Fy=F (Pl,---,Pnp(R,)yc), (D)

where a primary particle p;, with i € {1,...,n,(F,)}, is represented by its internal coordi-
nates

pi:pi(n7r7x)7 (2)

and the matrix C represents the primary particle connectivity. r is the radius of the pri-
mary, X is the position of the primary centre relative to the centre of mass of the aggregate
and 7 is the primary composition. In the previous model [26], 7 describes the number of
TiO, monomer. In this work, 1) describes the number of Ti and O atoms in each tracked
phase. Three phases are considered here: anatase (An), rutile (Ru), and non-crystalline
(NC), which encompasses melt or amorphous phase:

N = (N1iNc; No.NC, MTi,Ans T10,An, TITi.Ru, no,Ru)- (3)

The oxygen to titanium ratio, 0g;, and the rutile fraction, fg ;, of particle i are calculated
as follows,
~ (no)i _ (Moxc)i+ (Mo.an)i + (Moru)i
0o, = = 4)
()i (Mmine)i + (Mmian)i + (Mrire)i
(T]Ti,Ru)i (nTi,Ru)i
)

. (5)

fri= =

’ (Mmi)i (Mrine)i + (Mrian)i + (MTiRw)i

3.3 Particle processes

The particle population evolves under the inception, surface growth, coagulation, sintering
and coalescence processes described in [26]. Inception and surface growth are assumed
to be collision limited. The rates of inception and surface growth are given by the free-
molecular kernel with collision efficiencies Yy and s respectively. More detail on the
treatment of the primary composition 1) during inception and surface growth with the
collision species Ti(OH), and Ti(OH), is provided in Appendix

In this work the collision species and the growth rate parameters ¥y and Ysg are varied to
investigate their influence on the predicted phase composition. These growth parameter
sets are referred to in the rest of this work as z™ with m = 1,2,3. These parameters
are summarised in Table 2. The first set (m = 1) represents the parameters originally
recommended in the previous work [25] using Ti(OH), as the particle precursor. This
model has been shown to compare reasonably well against the experimentally measured
particle morphology (aggregate and primary particle sizes) for varying TTIP loadings and
flame equivalence ratios. In the second set (m = 2), the same set of parameters were
applied except both Ti(OH), and Ti(OH); species are used as precursor species. Lastly, to
investigate the effect of the gas-phase chemistry on the phase formation, slower inception
and surface growth are used in the third set (m = 3).



Table 2: The growth parameters varied in this work (z"™, m = 1,2,3). Particle precur-
sor is the species involved in inception and surface growth, Yy and s are the
collision efficiencies for inception and surface growth processes.

m Particle precursor YN ¥sG

1 Ti(OH), 1.0 1.0
2 Ti(OH),and TiOH); 1.0 1.0
3 Ti(OH), and Ti(OH); 1x1073 0.2

The rest of the particle model parameters used in this work are given in the appendix (Ta-
ble 3). The rate of coagulation is given by the transition kernel [37] and the orientation and
point of contact between the colliding particles is determined by ballistic cluster-cluster
aggregation [20]. A molecular enhancement factor € is applied to the free-molecular ker-
nel for all collision processes. Sintering is described by a grain boundary diffusion model
with parameters taken from [25]. In addition to the aforementioned particle processes,
primary particles can also undergo a phase transformation, which is outlined below.

3.3.1 Phase transformation

A primary particle is able to undergo a temperature and size dependent phase transfor-
mation. This is treated as a discrete event that transforms the entire primary composition
from one phase to another. The transformation event is independent from the processes
described in Section 3.3, e.g., surface growth, sintering, coalescence, and therefore does
not affect the particle morphology such as primary and aggregate sizes. The transforma-
tion event for primary particle i is controlled by two parameters: Tins,; and deross,i-

The transformation temperature Ti,ns; 1S the temperature at which a transformation oc-
curs between the non-crystalline and crystalline phases. Meanwhile, a crossover diameter
deross; determines which crystal phase is formed (anatase or rutile). The dependencies of
parameters Tins; and deos,; vary depending on the submodel assumptions discussed in
Sections and

Figure 1 shows the schematic for the phase transformation algorithm. Above the trans-
formation temperature 7" > Ty, the primary, containing 7ny; titanium and 1o oxygen
atoms, is in a non-crystalline state. The composition vector of particle i is written as

ni = (ﬂTi,Nc =M1, TNo,xNc = No,
nTi,An — O; rlO.,An )
Ntire = 0, NoRu = 0)-

Below the transformation temperature 7 < Ti,ns; the non-crystalline primary transforms
into a crystal phase (anatase or rutile) determined by the primary size d,;. The primary
size dp; 1s assumed to be the spherical equivalent diameter. Below the crossover diam-
eter dp; < deross,i» the primary is assumed to transform into anatase, so that the primary



composition is now
ni=Muinc=0, Nonc=0,
N1i,aAn = N1i;  Mo,an = Mo,
Mhire =0,  Noru =0),

while above the crossover diameter dp; > deross,i> the primary transforms into rutile:

Ni=Mnnc =0, MNonc=0,
Nri.an = 0, No.an = 0,
NtiRu = NTiy ToORu — 770)-

Further, a simplifying assumption is made here that the phase transformation between
anatase and rutile is negligible due to the fast cooling rate of the particles near the stagna-
tion plate. Thus, the crystallite growth after solidification is only determined by surface
growth.

[ Start of timestep j—) Primary particle
state, i

Crystalline Non-crystalline

nriNc = 0, noxNc = 0, nTi,NC = 173, MONC = 10,
NTi,An = Q0 10,An = 67 NTi,An = 0, 10,An = 0,
NTi,Ru = N7 — &, NO,Ru = N0 — B NriRu =0,  NORu =10

No
Yes i

v Anatase Rutile v
NTiNC = NTi, 1ONC = 10, nrinc =0,  mnonc =0, nrixc =0,  moxnc =0,
NTi,An = 0, 10,An = 0, NTi,An = NTi,  10,An = 1O, NTi,An = 0, 710,An = 0,
NriRe =0,  NORu =0 h 4 N7riRu =0,  NORu =0 NTi,Ru = NTi, NORu = 10

End of I |

timestep [€

Figure 1: Phase transformation algorithm. Tins; and deoss,; (Shown in red) are a function
of the model parameter vector 0 which is defined in the submodel description.

3.4 Parameter estimation

The amount of each phase in primary particle i is determined by y (a vector of flame
conditions), z (a vector of growth parameters in Table 2, not optimised in this study),
deross.i» and Tiang ;. The total amount of each phase at the end of the simulations, nnc, 14,



ng can be represented by functions gnc, ga, and gg as follows,

N N

nne = Z(nTi,NC)i = ZgNC (y;zadcross,ia Ttrans,i) (6)
v v

na = Z(nTi,An)i = ZgA(y;Z7dcross,i7 Ttrans,i) (7)
v N

nR = Z(nTi,Ru)i = ZgR(y;Zadcross,i; Ttrans,i); (8)

i=i i=i

where N is the total number of primary particles in the simulation. The rutile fraction, fg,
is given by a function f,
nR

fR_

nNc + A + nr

= f(»:2,0). )

where 0 is a vector containing the dependencies of dross i, and Tirans ; Which is optimised
in this study.

The best parameter set 0, for the growth parameter set m (see Table 2) is evaluated as
follows

Nexp ) '
ém - arg;ng(f(y(/),Z(m),g) _f;xpr(J))Z’ (10)
j=1

where the y') is a vector of process conditions for flame i, z\" is a vector of growth
parameters in case m (see Table 2), f;" is the experimentally measured rutile fraction
from flame i, and Ny, is the number of flame conditions tested which is 6 in this study.

4 Results and discussion

4.1 Phase composition

Figure 2 summarises the results of the experimental phase quantification. The XRD pat-
terns for samples prepared in flames 1-6 are shown in Fig. 2(a). The patterns are deconvo-
luted with the Rietveld refinement (full profile fitting) using four TiO, phases: Rutile (R),
anatase (A), bronze (B) and TiO,-II (II). These four phases have previously been identified
in similar flames through XRD pattern analysis as well as high-resolution TEM images
and electron diffraction patterns [30]. The broad peaks of all four phases suggest that the
crystallites are nano-sized with possible microstrain present although no size/strain anal-
ysis 1s attempted here due to the high degree of peak overlap and the resulting uncertainty
in the fitting.

Figure 2(b) shows the phase composition of all samples obtained from the refinement.
While the content of metastable TiO,-B and TiO,-II phases are nearly constant, the anatase
content gradually decreases while rutile increases from flames 1 to 6, i.e. decreasing flame
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Figure 2: (a) Powder XRD patterns of samples prepared in flames 1-6 and the individual
phase profiles obtained from the Rietveld refinement, (b) Phase composition of
samples prepared in flames 1-6, (c) Rietveld-determined rutile fraction (rela-
tive to anatase and rutile total), fg, compared to the empirical relationship of
Spurr and Myers [43] as a function of Ar dilution. The lines are added as a
visual aid.

dilution. This trend demonstrates a strong sensitivity of anatase-rutile stability as a func-
tion of mixture dilution. This agrees well with previous experimental observations where
anatase-rutile stability was observed to change dramatically near the stoichiometric point
[21, 28, 30].

As the aim of this work is to investigate the origin of anatase-rutile stability, the metastable
phases TiO,-B and TiO,-II are excluded from the rutile fraction calculation. Nevertheless,
the fractions of these phases are not negligible (up to 30% in total) — the consequence of
this is discussed further in Section 4.4.2. Figure 2(c) shows the relative rutile content,
fr = R/(A+R), where R and A denote the rutile and anatase fractions from the refinement
as a function of the Ar dilution. The result shows a high sensitivity of anatase-rutile
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stability at Ar dilution of ~ 81%. In addition, an estimation of fr using the empirical
relationship given by Spurr and Myers [43] is shown. The comparison shows a difference
of up to 20% between the two methods. This is not surprising as the formula proposed
by Spurr and Myers [43] was determined using XRD patterns for powder samples with
crystallite size of approximately 50-500 nm with much less broadening compared to the
present results. Further, only anatase and rutile were present in their powder sample
compared to the four phases in the this work.

The presence of the metastable polymorphs indicates a limited phase transformation of
the deposited particles on the rotating surface. This is due to the rapid quenching of the
formed particles near the stagnation plate. For example, we showed previously that the
TiO,-1I phase eventually transforms to rutile upon prolonged exposure to the flame (when
a non-rotating stagnation plate was used) [30].

Ma and Yang [28] previously demonstrated the effect of the premixed gas dilution (with
N,) on the anatase-rutile stability of TiO, prepared in a bunsen burner and showed a trend
that is the opposite of the data in Fig. 2(c). In their study, increasing Ar dilution results
in a higher rutile fraction. They suggest that this trend is due to a faster anatase-rutile
transformation in oxygen lean environments as the initial oxygen content is lower in more
diluted flames. It should be noted that the samples in their study were collected from
3 cm and 5 cm above the burner (Figs. 6 and 7 in [28]), corresponding to an estimated
residence time of 25-60 ms (estimated based on the process conditions reported as no
residence time calculation was given). This is in contrast with the residence time of 3—
5 ms estimated for the flames used in this study [30]. The longer residence time in Ref.
[28] compared to this study is consistent with the particle size (20-500 nm) that is much
larger than reported here (7-8 nm, discussed in the next section). Thus, it is suggested that
the sensitivity shown in Fig. 2(c) is pertinent to the very early stages of particle formation
and does not necessarily contradict the results reported by Ma and Yang [28].

4.2 Particle size distributions

Figure 3(a) shows the measured aggregate mobility sizes for all flames. The aggregate
sizes are similar for the different flame conditions (flames 1-6). This is consistent with
our previous work where we demonstrated that the particle sizes are not sensitive to the
flame distance/equivalence ratio due to the compensating effect between temperature and
particle residence time [25, 31].

The simulated aggregate size (spherical equivalent size from projected area analysis) for
three cases considered in this work (see Table 2) are also presented in shown Fig. 3(a).
The validity of comparing the experimentally measured mobility aggregate size with the
simulated spherical equivalent size has been discussed elsewhere [31]. The predicted
aggregate sizes compare well with the measured aggregate size. In addition, the results for
the three different growth parameter sets considered (Table 2) are very similar, suggesting
that the particle morphology is insensitive to the choice of precursor species and the gas-
phase chemistry. This is consistent with the numerical sensitivity tests performed by
Lindberg et al. [25].

The predicted mean primary particle size is shown in Fig. 3(b). The primary particle size
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Figure 3: Particle sizes at the stagnation point: (a) Measured and simulated aggregate
size distributions, (b) simulated mean primary particle size, d,, and the stan-
dard deviations, SD,, as a function of Ar dilution. The measured data is shown
in symbols, simulated data is shown with lines. For description of growth pa-
rameter sets 1-3, see Table

increases slightly with increasing Ar dilution, at around ~ 8 nm, which is in a good agree-
ment with previous primary particle size measurements with TEM [30, 31] (the primary
particle sizes for 4 and 12 ml/h TTIP loading were 6 and 9 nm, respectively).

4.3 Flame structure

The one-dimensional stagnation flow approximation was used to estimate the tempera-
ture and other flame structure information. Figures 4(a) and 4(b) show the simulated
temperature and oxygen mole fraction profiles for flames 1-6. It shows that flames 1-6
differ mainly in the location of their flame front, which is consistent with the experimen-
tally observed luminous flame location. In addition, the flames differ in their maximum
temperature (and consequently particle time-temperature history).

The maximum flame temperature varies by approximately 300°C between flames 1 and 6,
similar to the difference of the calculated adiabatic flame temperature as summarised in
Table |. The oxygen mole fraction initially varies between flames 1-6 as a consequence
of the difference in the diluent gas (Ar) fraction. In the post-flame region, however, the
0, mole fractions show little variation across the flames at approximately 1 x 1072, This
value is comparable to the adiabatic O, mole fraction obtained from the equilibrium sim-
ulation (Table 1).

4.4 Origin of anatase-rutile stability
The origin of the dramatic shift in the anatase-rutile composition as a function of flame

dilution (Fig. 2(c)) is examined by considering two main formation pathways as illustrated
in a simplified phase diagram in Fig. The first pathway assumes a stoichiometric
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Figure 4: The simulated flame structure for flames 1-6: (a) temperature and (b) O, mole
fraction profiles.

composition at the point of crystallisation. In this case, a thermodynamic analysis similar
to the approach by Zhang and Banfield [53, 54] can be applied resulting in a crossover size
at which anatase and rutile are switched. This crossover size is a function of the surface
energy. Thus, pathway 1 is referred to as the surface energy-dependent hypothesis. In the
second pathway, rapid clustering and cooling result in a non-stoichiometric melt which
solidifies to form sub-oxides. The sub-oxides are hypothesised to preferentially transform
to rutile due to the similarity in their structures. Thus, in this pathway the anatase-rutile
crossover size is determined by the composition of the intermediates, i.e. composition-
dependent hypothesis. It is important to note that the analysis given here only takes into
account anatase and rutile while ignoring the other metastable phases and is therefore
only qualitative in nature. More importantly, the question this analysis seeks to answer
is: given the variation in the flame conditions (dilution with Ar), can the trend of anatase-
to-rutile ratio be explained by a size-dependent model which is driven by surface energy
(pathway 1) and/or particle composition (pathway 2)?

Ti Gas TPZ _
¢  Ti0o TiO Ti02
clusters @ Ti203
& L 2

Liquid/cluster

Temperature
T Aemyied

O:Ti ratio

Figure 5: A schematic illustrating two TiO, formation pathways.
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4.4.1 Pathway 1: Surface energy-dependent crossover size

The surface energy-dependency of the anatase-rutile crossover size can be explained in
two ways or models. The first model is motivated by the thermodynamic analysis of
Zhang and Banfield [53, 54]. This approach is termed the Gibbs energy model as the
crossover size arises from the formulation of anatase-rutile transformation Gibbs energy
by taking into account contributions from the surface free energy and surface stress of
crystalline nanoparticles. In the second model, the crossover size arises when cooling of
melt is considered following the approach of Guisbiers et al. [1&]. In this case, the phase
with the higher melting point, which is a function of particle size, solidifies first and is
stabilised. This is subsequently termed the melting model.

Gibbs energy model

Following the thermodynamic analysis of Zhang and Banfield [53, 54], the anatase-rutile
transformation Gibbs free energy, AG; .y, 1s determined by a few thermodynamic quan-
tities including the bulk Gibbs energies and surface free energy,

AG, :AG;vR—AG},A+2(2t+3)% (pﬁ—ﬁ), (11)
where AG}  and AG} , are the Gibbs free energies of formation of rutile and anatase, 7 is
the ratio of surface stress to surface free energy, M is the molar mass of TiO,, d = 2r is
the crystalite size, pgr and pa are the mass densities of rutile and anatase, Y& and y, are the
surface free energies of rutile and anatase. In general, the term AG} p — AG} 4 is negative
(rutile is thermodynamically more stable for bulk) while the second term Y% /pr — Ya/Pa
is positive (anatase has lower surface energy). Thus,

> (0 (anatase is more stable), ford < d
AG, _x { = 0 (equilibrium), ford =d, , (12)
< 0 (rutile is more stable), for d > d,

where d| is the size at which anatase and rutile are thermodynamically in equilibrium. d
is thus determined by the thermodynamic quantities in Eq. 11, i.e.

dO :dO(AGJO”,A7AG;,A7t7M7YA7%2,pA7pR)' (13)

Precise determination of the surface free energy is challenging for a few reasons. First,
nanoparticles may undergo significant surface reconstructions resulting in a lower surface
free energy compared to that of clean-cut surface. The surface reconstruction itself is
expected to vary with particle size which results in size-dependent surface free energies
[33]. Second, the surface energetics are heavily affected by the chemical environments,
e.g., degree of hydrogenation and adsorbed species [3, 4]. The uncertainty of the surface
energies leads to a massive uncertainty in calculation of dj as the nominal values of % /pr
and 7y, /pa are close (see the last term in Eq. 11). This explains the large uncertainty of
surface energies found in the literature both calculated and experimentally measured [39].
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For example, with the surface energies found in the literature, a critical size of anywhere
between 2 to 50 nm can be justified using Eq.

The uncertainties in the thermodynamic quantities motivate the choice of imposing d
directly as a free parameter in this model. It is also noted that the quantities in Eq. 11,
e.g., AG} o, AGj A, 1, Ya, W&k» Pa, Pr are temperature dependent but the overall tempera-
ture dependence of AG}_y is often assumed to be negligible due to the difference terms.
Therefore, dros,; can now be written as

dcross,i = dO = 0y, (14)

where @ is a constant and a free model parameter.

The anatase-rutile stability given by AG,_,i only considers the thermodynamic stability.
In order to account for the kinetic effect, another model parameter , is introduced such
that the transformation as dictated by the thermodynamic stability only occurs (simulta-
neously) when 7" > o, and completely arrested when 7' < ;. Therefore,

Ttrans,i = 0. (15)

The rutile fraction function in Eq. 9 is now written as

fr = faibws(7:2,0) where 6 = [, 0]. (16)

Figure 6(a) shows the predicted rutile fraction as a function of the parameters o, and o,
according to Eq. 16 for flame 1 and growth parameter set 1 (see Table 2). Qualitatively,
the model responses are very similar for all flames and growth parameter sets tested. This
is a consequence of the similarity in the simulated size-temperature trajectories of the
particles. As the crossover size (o) increases the rutile fraction decreases as expected.
The rutile fraction is less sensitive to the transformation temperature (o). This is due to
the high cooling rates near the stagnation plate where the particle growth is limited.

The best fit parameters for the Gibbs energy model are calculated according to Eq.
for oy = [4 12] nm and o = [1500 2000] K. An upperlimit of 2000 K for ¢ is used
considering the melting point of bulk anatase is 2075 K. Figure 6(b) shows the measured
and predicted rutile fractions with these fitted parameters for the three growth parameter
sets in Table 2. The fitted parameters 6,, are very similar for all growth parameters used
(m = 1,2,3). This is not surprising as the particles sizes are insensitive to the growth
parameters as shown in Fig. 3. The fitted crossover size is ~7 nm which is smaller than
the crossover size calculated by Zhang and Banfield [53] (14 nm). The Gibbs energy
model correctly predicts a decreasing rutile fraction trend with increasing Ar dilution
albeit with a much weaker sensitivity compared to the measurements.

Melting model

In the Gibbs model, the effect of particle polydispersity on the transformation temperature
is neglected (Eq. 15). The particle polydispersity can be accounted for in the melting
model by assuming that the transformation temperature is equal to the melting point.
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Figure 6: (a) The predicted rutile fraction, fx = fginns(yV:;2(V,0) with 6 = [0, ], for
flame 1 (Ar = 82.0%) and growth parameter set 1 (see Table 2), according to
the Gibbs energy model. (b) The measured and predicted rutile fractions as a
function of Ar dilution with the best fit parameters 0, 6, and 05 according to
Eq. 10. The line is added to the experimental data as a visual aid.

Following the approach by Guisbiers et al. [18], the melting point of a particle with size
d, T;", can be expressed as

™ AH,.V  d’

oo

Ti_l Ué_l_ﬁ (17)

T is the bulk melting point, ¥ and 7; are the solid and liquid surface energies, and AH,,, ..
is the bulk melting enthalpy. Similar to the Gibbs energy model, the thermodynamic
quantities are subject to massive uncertainties and thus are treated as a model parameter
B (B, for anatase and 3, for rutile).

Rutile has a higher melting point than anatase (T'y, = 2075 K for anatase, Tk, = 2143 K
for rutile [18]). Therefore, for B; < B, the melting points of anatase and rutile intersect at

TjRo = T's, = T" and d = d*. For example, Fig. 7 shows the melting points of anatase

and rutile as a function of 1/d for f; = 2.0 nm and 8, = 2.5 nm.

For a melt with size d, the solidification will occur at T = T;" given by

Assuming phase transformation only occurs at the solidification point, the transformation
temperature for particle 7, Tiyans i, 1S €qual to Td‘in and is defined by a function A,

Ttrans,i — Tdr,n — hl (ﬁl 5 BZadi)u (19)

N N () LN O | I
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Figure 7: The melting points of anatase and rutile as a function of reciprocal particle
size. When By < B,, the two melting points intersect at Tz, = T;"y, = T* and
d=d".

Meanwhile, the crossover size for particle 7, deross.i, 1S €qual to d*,

dcross,i =d" = hZ(ﬁlaﬁZ)v (21)
where
Tof:nRuB2 - ToinAnBI
h = — : . 22
2(B17B2) T;?Ru _ T;}}An ( )
Finally, the rutile fraction function in Eq. 9 is now written as
fR — fmeh(y;za 9) where 0 = [ﬁlaﬁZ]v (23)

where 3; and f3, are the free model parameters.

For easier comparison to the Gibbs energy model, the function fi,e(x; 6) can be trans-
formed to f, (x; 6%) as follows

fmelt(y;zae) :frtlelt(y;ae*) Where 6* - [d*aT*L (24)
where d* is the crossover diameter, given by &,(B;, ;) in Eq. 22, and T* is the melting
point of particle with size d*, given by h;(f;, B,) below,

T = (B, Ba) = 2! (25)

B ﬁZ/Tog,lAn - ﬁl/ToB?Ru’

Figure 8(a) shows the predicted rutile fraction as a function of the parameters d* and T~
according to Eq. 24 for flame 1 and growth parameter set 1 (see Table 2). Interestingly the
model response is very similar to the Gibbs energy model. This suggests that the effect
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Figure 8: (a) The predicted rutile fraction, fg = f* ., (y";z\V, 8*) with 8* = [d*,T*), for
flame 1 (Ar = 82.0%) and case 1 (see Table 2), according to the melting model.
(b) The measured and predicted rutile fractions as a function of Ar dilution with
the best fit parameters 0,, 6, and 05 according to Eq. 10. The line is added to
the experimental data as a visual aid.

of particle polydispersity is not very important for the cases considered here. This is a
result of the narrow particle size distribution as shown by the small standard deviations in
Fig. 3(b).

The similarity between the melting and the Gibbs energy models are further shown by
the predicted rutile fractions in Fig. 8(b) (compared to Fig. 6(b)). The best fit parameters
for the melting model are calculated according to Eq. 10 for d* = [4 12] nm and T* =
[1500 2000] K. The fitted parameters d* = 7 nm and 7* = 2000 K are equivalent to f3; =
0.253 nm and 3, = 0.467 nm asccording to Egs. 21, 22, and 25. These are much smaller
than the values calculated by Guisbiers et al. [18] (8; = 1.27 nm and 3, = 2.58 nm) using
the surface energies obtained from using molecular dynamic simulations for anatase and
rutile with clean cut surfaces [36]. Using their reported values for f; and f3,, the predicted
crossover size is ~ 40 nm. This suggests that the surface energies of the particles formed
in flames are much smaller than those calculated for the cut surfaces. Nevertheless, similar
to the Gibbs energy model, the sensitivity of the rutile fraction as a function of Ar dilution
predicted by the melting model is much weaker than the trend from the measurements.

4.4.2 Pathway 2: Composition-dependent crossover size

In the second pathway, the sensitivity of the anatase-rutile ratio as a function of the di-
lution ratio is explained by considering the effect of flame temperature (Fig. 4(a)) on the
particle composition. The flame temperature affects the gas-phase chemistry of the parti-
cle precursor species and subsequently the particle composition.

The hypothesis is that the nascent particles are oxygen deficient, i.e. TiO,,, and the
anatase or rutile formation is controlled by their oxygen content. This is motivated by the
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experimental observations where rutile is formed in oxygen-lean and anatase in oxygen-
rich environments [21, 27]. In a similar way, doping of trivalent ions such as Al, Cr, Fe
that create oxygen defects have long been used to promote the formation of rutile over
anatase in gas-phase synthesis [, 48, 52].

The implied assumption is that particle solidification/crystal structure formation occurs at
a faster rate than the oxidation of TiO,_ clusters as shown in pathway 2 in Fig. 5. These
nascent clusters are likely to be amorphous as demonstrated by molecular dynamic studies
for TiO, particles smaller than 2 nm [54]. Formation of oxygen vacancies in amorphous
Ti0O, is expected to be easier than in crystalline titania [| | ]. Teleki and Pratsinis [44] also
show that highly oxygen deficient TiO, particles, possibly even suboxides, are formed in
flame synthesis conditions. The oxygen vacancies explain the blue appearance of powders
prepared in oxygen lean environments (which usually has high rutile content) [30].

In reality, the initial clusters are likely to be very complex and possibly contain unreacted
hydrocarbon fragments (also nitrogen when present) such as those detected in time-of-
flight mass spectrometer measurements [14, 50]. Here we only consider TiO H, (1 Ti
centre) species which are assumed to undergo a complete dehydration during inception
and condensation reactions (Section 3.3). Thus, the oxygen content in the particle is
solely controlled by the implied oxidation state of the gas-phase particle precursor.

Gas-phase precursors

Figure 9 shows the simulated mole fractions of TTIP and small Ti-containing species
TiOH, considered in the gas-phase mechanism used here for the growth parameter sets
considered (Table 2). Among all species, only Ti(OH), and Ti(OH), are present in sig-
nificant concentration. This is not surprising as Ti(OH), is the final product of the TTIP
decomposition mechanism and Ti(OH); is formed from direct reactions of Ti(OH),. These
two species have also been detected by Fang et al. [14] in TTIP-doped CH,/O,/N, flames.
The importance of Ti(OH), and Ti(OH); motivates the choice of these species as the pre-
cursor species in the particle model (see Section 3.3).
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Figure 9: The simulated mole fractions of TTIP and small Ti-containing species TiO H,
(post-Ti(OH),) for flame 1 using different growth parameter sets: set 1 (left), 2
(middle), 3 (right). For description of growth parameter sets 1-3, see Table °.
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Figure 10: (a) The ratio of Ti(OH); to Ti(OH), simulated mole fractions for flames 1-6
with growth parameter set 1. The start of the lines correspond to the flame
fronts (defined as T = 500 K). The small oscillations near the flame front
are caused by the particle inception. (b) The ratio of Ti(OH); to Ti(OH), mole
[fractions at the maximum flame temperature as a function of Ar dilution (lines)
for the different growth parameter sets. The symbols are from the equilibrium
simulations. The shaded area represents the equilibrium ratio for mixtures
with equivalence ratio of 1.00 £0.01. For description of growth parameter
sets 1-3, see Table

Figure 10(a) shows the difference in the ratio of Ti(OH); to Ti(OH), for flames 1-6.
The variation in Fig. 10(a) is most pronounced in the post flame region around 2 mm
from the stagnation plate. The difference in this maximum ratio represents an equilibrium
shift in the gas phase due to the increasing maximum temperature from flames 1 to 6.
This is demonstrated in Fig. 10(b) where the ratio of Ti(OH), to Ti(OH), at the maximum
temperature for each flame (approximately 1.5-2 mm based on Fig. 4(a)) is plotted for the
different growth parameter sets (Table 2). This shows that the trend of the relative ratio of
Ti(OH), to Ti(OH), is insensitive to the growth parameters used and is consistent with the
trend from the equilibrium simulations. A similar observation was reported by Buerger
et al. [8] where increasing temperature shifts the equilibrium from Ti(OH), to Ti(OH);.
The difference between the flames and the equilibrium simulations is attributed to the
difference between the maximum flame temperature (Fig. 4(a)) and the adiabatic flame
temperature (Table 1). The sensitivity of the Ti(OH); to Ti(OH), equilibrium ratio to the
mixture equivalence ratio is shown by the shaded region. The uncertainty of 1.00 £0.01
is expected due to the uncertainty in the experimental flowrates.

Particle composition

Ti(OH), and Ti(OH), have different implied oxidation states of Ti, i.e. +4 and +3 respec-
tively. Assuming the inception and surface growth preserve the oxidation state of Ti of
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the precursor by the release of water, the particle formation can be written as

Ti(OH),
Ti(OH)s,

gas) particle

gas) 5 TlOl .5 (particle gas)®

Therefore, the relative amount of Ti(OH), and Ti(OH); strongly affects the oxygen to
titanium ratio in the particles, 0p.

In the gas-phase mechanism used in this study, Ti(OH), decomposes to form Ti(OH),
through a OH-abstraction. This reaction competes with the inception and surface growth
processes. Therefore, the particle formation rate will also impact the particle composition
(00). The growth parameter set 3 (see Table 2) is included here to investigate this, i.e. set
3 assumes slower inception and surface growth compared to set 2.

The oxygen to titanium ratio for each particle is calculated according to Eq. 4. The solid
state oxidation of particles is assumed here to be insignificant due to the low concentration
of O, (see Fig. 4(b)).

Figure 11 shows the particle frequency map with respect to 6o and primary particle size
for growth parameter set 2. For all flames, 0 is within 1.75-1.85. In each flame, small
particles are shown to have a broader distribution of oxygen deficiency compared to the
larger particles. The convergence of oy for large particles is due to the averaging effect
as particles grow through coalescence. This suggests that oy is very sensitive to the very
early stages of particle formation.
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Figure 11: The 2D frequency map with respect to particle size (d,) and oxygen to tita-
nium ratio (0p) for particles at stagnation point using growth parameter set
2 (Table 2) for flames 1-6. The color represents the frequency (blue: highest,
vellow: lowest).

The average oxygen to titanium ratio in the particle population as a function of the flame
dilution is shown in Fig. 12. The average oo is insensitive to the temperature which
corresponds to the particle residence time. This suggests that particle composition is
determined very early in the formation stages (near the flame front) and no significant
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changes occur in the cooling region. However, the average oo is strongly influenced by
the choice of the growth parameters (see Table 2).
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Figure 12: The average particle oxygen to titanium ratio, Oo, as a function of flame dilu-
tion at different temperature for growth parameter sets 2 and 3. The temper-
ature here refers to the flame temperature in the cooling region (between the
maximum temperature and the stagnation plate). For description of growth
parameter sets, see Table

The contrasting predictions of models with growth parameter sets 2 and 3 can be explained
as follows. As shown in Fig. 10, the shift of relative abundance of Ti(OH),; compared to
Ti(OH), occurs only in the post-flame region. This is a consequence of Ti(OH), being
formed first although Ti(OH); is more stable than Ti(OH),. As the particle formation rate
increases with temperature (due to the increase in collision rate), particle formation in
hotter flames (lower Ar dilution) occurs earlier compared to the colder flames (higher Ar
dilution). When the particle formation occurs earlier, less oxygen deficient particles form
(due to higher amount of Ti(OH), than Ti(OH);). As aresult, 6o decreases with increasing
flame dilution for the growth parameter set 2 (fast inception and surface growth).

On the other hand, the opposite trend is expected when slower inception and surface
growth rates are applied (growth parameter set 3). This results in particle formation oc-
curring later where Ti(OH); has had time to form. As the Ti(OH); stability over Ti(OH),
increases with temperature, this leads to more Ti(OH), formed in hotter flames (lower
Ar dilution), leading to more oxygen deficient particles (smaller 6p). Therefore, o in-
creases with flame dilution as shown in Fig. 12. Growth parameter set 3 thus represents
a case where the particle composition is controlled mainly by thermodynamics (closer to
equilibrium) while the kinetic effect is more dominant in case growth parameter set 2.

It is important to note that og is strongly influenced by the actual rates of inception and
surface growth which are unknown. Thus the absolute values o in Fig. 10 are unlikely
to represent the actual particle composition. However, the trends in Fig. 10 are important
because they reflect the impact of the temperature on the stability of small Ti-species,
in particular Ti(OH); and Ti(OH), and their subsequent interaction with incipient Ti-O
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clusters.

Composition model

From the experimental data in Fig. 7, anatase stability relative to rutile increases with
increasing flame dilution. Based on the composition-dependent hypothesis, the increasing
anatase stability is a result of a smaller of oxygen deficiencies in more diluted flames
(larger 0p). Thus, 0p has to increase as a function of the flame dilution. As shown in
Fig. 10, this is only true when particle formation is relatively slow (growth parameter
set 3).

Here a composition-based model is proposed in which the anatase-rutile crossover size
is dependent on the particle composition to explain the experimental data assuming the
growth parameter set 3 (Table 2). Based on the comparison between the Gibbs energy
and the melting models, it was shown that a size-dependent transformation temperature
is not very important in this case. This is because the particles have very narrow size
distributions. Thus, the transformation temperature is imposed here as a constant similar
to the Gibbs energy model. Next, the crossover size d.ss 1S assumed to be a function of
0o,. These can be written as follows,

T{rans,i = 2'1 (26)
dcross,i - F(GOJ) (27)

The explicit form of F is not known. Based on the composition-dependent hypothesis,
the crossover size should increase with increasing 0o, approaching the value predicted
by thermodynamic analysis for stoichiometric composition (6o = 2). Here, F is approx-
imated by a surrogate function G(x) that fulfills the following conditions: (1) G(x) is
positive for x > 0, and (2) G(x) increases with increasing x, i.e. dG/dx > 0. An error
function based G is here used as the surrogate function,

F(x) =~ G(X) = 2/2 +A,3€I'f[l4(x— 15)] ).2,13,2,4,15 > 0, (28)

where A,, A3, A4, and As are the free parameters of the composition model.

The rutile fraction function in Eq. 9 for growth parameter set 3 is now written as

fr = fromp(1:27,0)  where 8 = (41,45, A3, Ag, As). (29)

The best fit parameters 6; = [2000 K,9.1 nm,3.9 nm, 120,1.79] (using growth param-
eter set 3, i.e. z¥)) is evaluated according to Eq. 10. The transformation temperature is
2000 K and the function G(0op) is given as

G(00) = 9.1 +3.8erf[120(0p — 1.79)] (nm), (30)

which is shown in Fig. 13(a). The function G has a sharp transition at 6o = 1.79. How-
ever, as discussed above the absolute values of op predicted in this model are strongly
dependent on the model assumptions. Thus, the precise location of the transition in func-
tion G, o), is uncertain. The physical mechanism responsible for this sharp transition is
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unclear and requires further investigation. One possible interpretation is that below a cer-
tain oxygen deficiency (0o < 0()), one of the sub-oxides in the Magnéli series is formed
[2]. These sub-oxides are line compounds in TiO, phase diagram and therefore only
formed at specific compositions [35]. These sub-oxides are hypothesised to favour rutile
formation due to the similarity between their crystal structures and rutile’s and therefore
results in a decrease in the anatase-rutile crossover size. At larger 0p, the crossover size

or G in Fig. 13(a) approaches 13 nm which is very close to the value calculated by [53]
(14 nm).
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Figure 13: (a) The function G describing the crossover size dependency on og (Eq. 50)
Jfrom the parameter estimation. (b) The measured and predicted rutile frac-
tions as a function of Ar dilution for growth parameter set 3 (i.e. z\¥)) using
the fitted parameter ;. Also shown are the rutile fractions assuming mixture
equivalence ratio of 0.99 (y~) and 1.01 (y*) to indicate the uncertainty from
the experimental flowrates.

Figure 13(b) shows the simulated rutile fractions with the best fitted parameters for the
growth parameter set 3. The model shows an excellent agreement with the experimental
data. In addition, the predicted rutile fractions for mixtures with equivalence ration of
0.99 and 1.01 (assuming the same Ar dilution in Table 1) are shown. These represents
the uncertainty (shaded area) due to the fluctuation in the experimental flowrates. This
suggests that the model is highly sensitive to the equivalence ratio, especially at higher Ar
dilution, which may explain the narrow range of equivalence ratio in which anatase-rutile
stability sensitivity has been reported before [21, 30].

The varying composition of the incipient particles implied in the composition model pro-
posed here can potentially explain the formation of the metastable phases reported here
and in other studies [30, 40]. It was suggested that oxygen deficient cluster intermedi-
ates are responsibe for the formation of TiO,-II which is not predicted by the thermo-
dynamic stability analysis [30]. In particular, Ti;05 has been shown to be a potential
intermediate for TiO,-II due to the small mismatch between the a-Ti;O5 and TiO,-II
structures [17]. TiO,-B phase was shown to form during the dehydration of titanic acids
T1,0,(0OH),(H,0), [47]. These titanic acids can be seen as hydroxylated TiO, chains
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which are likely to form in oxygen rich conditions. In addition TiO,-B eventually trans-
forms into anatase due to the topotactic relationship between their structures [7] which
explains the formation of TiO,-B/anatase mixure in oxygen rich conditions [30].

While the model proposed here shows an excellent agreement with the experiments, a
number of simplifying assumptions are made including the clustering mechanism, parti-
cle precursors, and reaction rates. This analysis highlights the need for a better chemical
model that describes the early stage formation of particles for predicting the phase compo-
sition despite its apparent small impact on the particle size or morphology. For example,
Ershov et al. [13] recently suggested that the TTIP decomposition mechanism proposed
by [9] is missing an important pathway, i.e. the acetone abstraction pathway. This is espe-
cially important in this case as the acetone abstraction reaction results in fewer oxidised
species (with lower oxidation state of Ti) forming earlier, which then gradually oxidise in
the flame. This would significantly affect the particle precursor concentration and in turn
the composition of the incipient particles.

Further, some potentially important effects are not yet captured in the model discussed in
this work. For example, the formation of the metastable phases suggests that the kinetic
aspects of the phase transformation need to be considered. The effect of the oxygen
defficiency on the transition temperature between non-crystalline and crystalline phases
may also be important. Knaup et al. [27], using molecular dynamics simulations, show
that the oxygen defficiency induces a significant reduction in the melting temperature of
rutile. These effects will be investigated in a future work.

5 Conclusions

In this paper, new experimental measurements of TiO, phase composition as a function
of the flame dilution for stoichiometric mixtures are reported. The measurements demon-
strated a high sensitivity of the anatase-rutile stability as a function of the flame dilution.
Anatase is shown to form at higher flame dilution while rutile is favoured at lower flame
dilution. The results are surprising as the oxygen content of the initial mixture decreases
with increasing flame dilution which is expected to favour rutile formation.

The effect of the flame dilution on the relative anatase-rutile composition is investigated
by comparing experimental data and model predictions based on different assumptions
on two particle formation pathways/mechanisms. The phase transformation model is as-
sumed to be controlled by a crossover size. The analysis in this paper seeks to answer
the question of whether the sensitivity observed in the experimental measurements can be
explained by a surface energy-dependent model (first mechanism) or particle composition
model (second mechanism).

In the first mechanism, a stoichiometric TiO, intermediate is assumed and the anatase-
rutile crossover size is controlled mainly by the surface energy. The dependency of the
crossover size on surface energy can be represented by two different models (Gibbs energy
and melting models) that treat the particle polydispersity differently. These models predict
a correct trend of anatase-rutile stability as a function of the flame dilution. However, they
fail to reproduce the sensitivity observed in the experiments.
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The second mechanism takes into account the possible formation of oxygen-deficient
clusters that act as particle precursors. Given the assumptions made about the cluster-
ing mechanism, a composition-based model is proposed in which the crossover size is
a function of the particle composition. The model shows an excellent agreement with
the experimental data. In addition, the suboxide intermediates considered in this model
provide a plausible explanation for the formation of metastable phases. However, it is
demonstrated that the predicted anatase-rutile composition strongly depends on the as-
sumptions made about the initial stages of particle formation, which are currently little
understood. This highlights the importance of developing a better chemical mechanism
in order to understand the phase formation mechanism.
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A Particle processes

In this work, Ti(OH); and Ti(OH), are treated as the gas-phase collision species for par-
ticle inception and surface growth. This section describes the particle composition trans-
formations in the detailed particle model under these processes. The process rates and
geometric transformations are described in [26].

A.1 Inception

A particle containing a single primary, assumed to be in the non-crystalline (NC) phase, is
incepted from a bimolecular collision of gas-phase species. The three possible collisions
are:

2Ti(OH), — 4H,0

+ P, (p1 (Mrine =2,Mone =4, N1i.an = 0,M0.an = 0, N1iru = 0, Mo g = 0,7,%),C) .
(A.1)

2Ti(OH); — 3H,0

+ P, (p1 (Mrine = 2,Mone = 3, Mmi.an = 0,M0.an = 0, N1iry = 0, Mo g = 0,7,%),C) .
(A.2)

Ti(OH), + Ti(OH), — 3.5H,0

+ P, (Pl (TlTi,NC =2,Nonc = 3.5, Nti.an = 0,M0.an = 0, N1iry = 0,Moru = 0,7, X) 7C) .
(A.3)

A.2 Surface growth

Surface growth is treated as a collision between a gas-phase species and a particle. As per
Lindberg et al. [26], the mass is added to a primary p; selected with probability propor-
tional to its surface area relative to that of the entire aggregate particle. The number of Ti
and O atoms of phase 0 in the selected primary is increased. The phase 0 is chosen with
probability proportional to the relative phase composition of the primary. Two collisions
are defined:

Pq+T1(OH)4 — Pq (...,pl’ (nTi,B +1, No.e +2, ...,r-l—AI’,X) s ,C) +2H20 (A4)

P,+Ti(OH); — P, (..., p; (Mo + 1,Mo.e + 1.5, ..., r + Arx) ,...,C) + 1.5H,0.  (A.5)
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A.3 Model parameters

Table 3: Summary of particle model parameters.

Parameter Value

Collision limited processes:
Enhancement factor, € 2.64
Inception efficiency, %in see Table
Surface growth efficiency, ¥%sc see Table

Sintering:

Prefactor, A, 0.25
Critical diameter, d|, ci¢ 4 nm
Critical exponent, O 3

Other:

Density, p 3.84 g/cm®
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B Sensitivity analysis

A sensitivity function S,, is defined as

",0) — flx ");Z(’”’,G)

Nexp Nexp
Sm("):zvexpwexp ?; f;"’(f o

where Ny, is the number of experimental conditions which is 6 in this case, f is the
rutile fraction function of the model, x\) is a vector of process conditons for flame j,
7™ is a vector of growth parameter set m (described in Table 2), 0 is a vector of phase
transformation parameters (defined for each model in Egs. 16 and 23), f;"p’j is the rutile
fraction from the experimental measurement for flame j.

The sensitivity function describes the sensitivity of rutile fraction to the flame conditions
relative to the experimental data. Therefore, S = 1 represents a good agreement between
the model and the measurements. The sensitivities for the Gibbs energy model and the
melting model are shown in Figs. 14 and 15. The plots suggest that the models predict
much lower sensitivity (~30% of the measured sensitivity) within the parameter space
considered. In addition, the sensitivities are similar for the different growth parameter
sets used. This suggests that the rutile fractions predicted by these models are insensitive
to the assumptions on the initial particle growth stages.

The highest sensitivities are observed for transformation temperature of 1900-2000 K
(ap and T*) and crossover size of 6-10 nm (&; and d*) in Figs. 14 and 15. These ap-
proximately coincide with the best fit parameters for these two models (see main text),
ie. 6= [7 nm,2000 K]. It is noted that an upper limit of 2000 K is assumed for the
transformation temperature as the bulk anatase has a melting point of 2075 K.

12 Growth par. set 1 Growth par. set 2 Growth par. set 3
0.3
0.25
10
/E\ 0.2 ‘O‘)’
£ 38 0.15 &
3 z
0.1 £
6 w0
0.05
0
1600 1800 2000 1600 1800 2000 1600 1800 2000
[6%) (K) (6%) (K) 062

Figure 14: The sensitivity function evaluated according to Eq. B.] for Gibbs energy
model, fgis(v:2"™,0), 6 = [a,0p] with growth parameter sets 1 (m = 1,
left), 2 (m =2, right), and 3 (m = 3, right). For description of growth param-
eter sets, see Table .
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Figure 15: The sensitivity function evaluated according to Eq. B.] for melting model,
£ (2™, 0%), 0% = [d*,T*] with growth parameter sets 1 (m = 1, left), 2
(m=2, rzght), and 3 (m =3, right). For description of growth parameter sets,
see Table .

C Effect of equivalence ratio

Using equilibrium calculations as a proxy, the correlation between the ratio of Ti(OH); to
Ti(OH), and anatase-rutile stability can be applied to explain the effect of mixture equiva-
lence ratio (¢). Figure 16 shows the ratio of Ti(OH); to Ti(OH), from equilibrium calcu-
lations for mixtures corresponding to the flames with varying equivalence ratio reported
previously [30]. The trend shown in Fig 16 is consistent with composition-dependent hy-
pothesis as lean flames (¢ < 1) were shown to favour anatase while rich flames (¢ > 1)
favour rutile formation.

31



10t |

100}

Ti(OH);:Ti(OH), (-)

10118 - - -
0.5 1 1.5 2 2.5
Equivalence ratio, ¢ (-)

Figure 16: Ratio of Ti(OH); to Ti(OH), mole fractions from equilibrium calculations as a
function of mixture equivalence ratio. The mixture equivalence ratios shown

here correspond to the flames reported in ref [30)].
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