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Abstract

We performed ReaxFF reactive molecular dynamics simulations to investigate

the inception mechanism of TTIP precursor droplet conversion to Ti-containing

clusters in 1000 K–2500 K with or without gaseous O2 molecules. A new Ti/C/H/O

ReaxFF force field has been developed. Key intermediate titanium species and

the initial decomposition pathways of TTIP are identified. The effects of temper-

ature, O2 concentration and high-temperature residence time on the conversion

of TTIP to incipient titanium clusters are investigated. Results suggest that

high pyrolysis temperature does not necessarily promote the formation of incip-

ient Ti-containing clusters, due to less stable Ti-O bonds at high temperatures.

Ti2OxCyHz species appear earlier than TiO2 during TTIP pyrolysis, while TiO2

forms earlier than Ti2OxCyHz species and has much higher concentration with

ambient O2. Decreasing high-temperature residence time boosts the formation

of Ti-containing clusters by facilitating the condensation of TiO2 vapors. The

growth pattern of the incipient titanium clusters is elucidated as formation of
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Ti-O bond with TiOxCyHz species or titanium clusters followed by continuous

breakage of Ti-O or C-O bonds to release hydrocarbon moieties.

Keywords: ReaxFF, Reactive molecular dynamics simulation, TTIP, titanium

dioxide nanoparticles, inception mechanism

1. Introduction

Titanium dioxide nanoparticles (TiO2 NPs) are one of the most functionally

versitile metal oxide nanomaterials [1–3]. In addition to its traditional usage for

pigments, semi-conductors and catalysis, TiO2 NPs also find novel applications

in emerging areas such as photocatalysis [4, 5], gas-sensors [6, 7], waste water

treatment [8, 9], biomaterial coatings [10–12]. TiO2 NPs are routinely manufac-

tured through flame reactors in industry by combusting titanium tetrachloride

(TiCl4) vapors [13, 14]. Compared with the wet chemistry route, the one-step

flame synthesis can produce nanopowders of high purity at high throughput,

along with uniquelly desired particle structures and without liquid by-products

[3, 15]. Besides vapor-fed flame synthesis [16], TiO2 NPs can also be synthesized

by combustion of sprays, i.e., the so-called flame spray pyrolysis (FSP) [13, 17].

FSP is becoming more attractive recently due to its broader spectrum of liq-

uid precursors than conventional vapor flame reactors, which makes it suitable

to synthesize multicomponent ceramics and metals with specifically designed

structures [3, 17–19]. Besides TiCl4, titanium tetraisopropoxide (Ti(OC3H7)4,

TTIP) also appears to be a promising precursor as it is safer and environmen-

tally more friendly [19–27].

Since the properties of product nanoparticles dictate their end-use, actively

controlling the characteristics of the synthesized TiO2 nanomaterials is desired

in order to meet a variety of applications both in industry and daily life. Hence,

understanding the formation mechanism of flame synthesized NPs is of vital

importance, otherwise properties of the product nanomaterials will have to be

manipulated based on trial and error. In order to explore the formation mech-

anism of FSP synthesized TiO2 NPs, much experimental work has been done
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focusing on the influence of various tunable factors [13] (such as flame tempera-

ture [28, 29], pressure [30], high-temperature residence time [21], dispersion gas

flow rate [20, 29], oxygen and precursor concentration [28, 29], etc.) on the prop-

erties (i.e., size, shape and crystalline composition) of the product TiO2 NPs.

These experimental studies in combination with continuous modelling efforts

[13, 17, 31–35] have provided a scientific basis of FSP synthesized nanoparticles

[3]. For example, currently it is well recognized that the competition between

sintering and coagulation determines the morphology of flame sythesized NPs,

and significance of these two processes can be affected by flame temperature

and particle residence time [17, 36]. Such knowledge is beneficial for rational

design and operation in manufacturing TiO2 NPs industrially.

However, open questions still remain regarding the inception process of FSP

synthesized TiO2 NPs, mainly due to the difficulty to measure or capture the

extremely fast droplet-to-particle conversion process in high-temperature flame

experimentally. Because of the lack of knowledge on detailed inception mech-

anism from TTIP precursor to TiO2 NPs in flames, most existing modelling

studies [31, 32, 37, 38] simply use a one-step global reaction

Ti(OC3H7)4 −−→ TiO2 + 4 C3H6 + 2 H2O (1)

to describe the decompostion of TTIP, which was first proposed by Okuyama

et al. [39]. Okuyama et al. [39] also calulated the overall rate constants of

Reaction (1) by measuring the concentration of propylene (C3H6) versus time,

which was widely used in population balance models for flame synthesized TiO2

NPs [31, 32, 37, 38]. However, Okuyama et al. [39] conducted experiment in

a laminar flow reactor where temperature was around 800 K. This value can

be much lower than the temperature in typical flame reactors, where the peak

temperature can be higher than 2500 K. As such, it is uncertain whether the

rate constant reported by Okuyama et al. [39] can be extropolated to model

synthesis of TiO2 NPs using TTIP as a precursor through the FSP technology.

Efforts towards building a detailed decomposition mechanism of TTIP have

been made by Buerger et al. [23], who systematically calculated the thermo-
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chemical data of 981 Ti-containing candidate species on the basis of the ther-

mal breakage of bonds within a TTIP molecule at density functional theory

(DFT) level. They then proposed a thermodynamically consistent mechanism

with Ti(OH)4 being the final product before conversion to TiO2 to describe the

thermal decomposition of TTIP [24]. However, the mechanism over predicted

the ignition delay for TTIP by an order of magnitude and the authors attributed

the discrepancy to the possible loss of chemical pathways.

Ershov et al. [40] conducted UV-photodissociation experiment on TTIP

molecules under molecular-beam conditions. Using the time-of-flight mass spec-

trometer (TOF-MS) technique, Ti and TiO were detected among the most abun-

dant photofragments, while TiO2 was hardly found. With the aid of quantum

chemistry calculation, Ershov et al. [40] proposed a new decomposition path-

way of TTIP through acetone-elimination reaction, which was contrary to the

existing data in the literature. Ti and TiO were also detected during combus-

tion of TTIP in a premixed flat burner-stabilized H2/O2/Ar flame using the

flame-sampling molecular beam mass-spectrometry [41]. Besides Ti and TiO,

Shmakov et al. [41] also reported the mass peak intensity profiles of some other

titanium-containing species including TiO2, Ti(OH)O, Ti(OH), TiH, Ti2O3 and

TiO3.

In addition to the above mentioned gaseous Ti-containing species, recently

Fang et al. [42] measured charged clusters in a premixed CH4/O2/N2 flame

with TTIP addition using an atmospheric pressure interface time-of-flight (Api-

TOF) mass spectrometer. Surprisingly, pure TiO2 clusters were not detected.

In addition, their experimental results showed that intermediates from TTIP de-

composition may polymerize or aggregate into larger clusters prior to conversion

to pure TiO2.

To briefly summarize, despite great progress made in studying the phenom-

ena of FSP sythesized TiO2 NPs over the past several decades, the decomposi-

tion mechanim of TTIP has not been fully understood yet, especially regarding

the inception mechanism of TTIP conversion to TiO2 NPS in high-temperature

flames. Moreover, experimental studies have already demonstrated that a se-
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ries of operation factors such as flame temperature, particle high-temperature

residence time, oxygen concentration and etc., can affect the size, shape and

crystal phase of FSP synthesized TiO2 NPs [20, 28, 43, 44]. Hence a further

question can be asked — Do these factors affect the inception mechanism of

TTIP conversion to TiO2 NPs? Or do they only affect the processes at a later

stage, i.e., coagulation and sintering?

Being intrigued by the above mentioned unresolved issues, in this study, we

will focus on examining the initial stages of TTIP precursors conversion to in-

cipient titanium clusters in the context of FSP using ReaxFF reactive molecular

dynamics simulation [45]. MD simulations provide an ideal approach for investi-

gating processes happening at nanoscales. For examples, previous studies have

examined coagulation [46], sintering/coalescence [47–49], crystal phase transfor-

mation [48, 49] and surface coating by aerosol deposition [12] of TiO2 NPs using

classical MD simulations, and valuable insights have been obtained. However,

chemical reactions are generally excluded in classical MD simulations, although

in a recent study, Jami and Jabbarzadeh [12] have identified formation of Ti-O

and Ti-Ti bonds by introducing predefined cutoff lengths while simulating TiO2

NPs depositing on a titanium substrate using a sophisticated MEAM potential.

With the aid of ReaxFF reactive MD simulation [45, 50], which allows bond

breaking and forming, we are able to explore the initial stages of nanoparticle

formation in high-temperature flame at the atomic level. Most recently, Wei

et al. [51] have investigated the hydrolysis of TTIP using ReaxFF MD simu-

lations. The second-order hydrolysis rate constant was estimated and the for-

mation pathway of early Ti-containing clusters were illustrated, manifesting the

capability of reactive MD simulations on exploring the detailed mechanism of

precursor molecules converting to early metal oxide clusters in high-temperature

flame.

In this work, we start from simulating the pyrolysis of a TTIP precursor

nanodroplet at different temperatures ranging from 1500 K to 2500 K, which

practically cover typical temperatures during synthesis of TiO2 NPs through

FSP [13]. Then different concentrations of O2 are added into the simulation
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system to study the effect of O2 concentration on the inception mechanism of

TTIP to TiO2 NPs. In addition, predifined temperature profiles in the range

of 1000 K to 2500 K with different high-temperature residence time are imposed

to investigate its influence of on the inception process of TTIP.

2. Simulation Methods

2.1. Ti/C/H/O ReaxFF force field

ReaxFF reactive MD simulations in this work are performed using the Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package [52]

implemented with reax/c [53, 54]. ReaxFF is a general bond-order-dependent

force field that enables the descriptions of bond breaking and bond formation.

Details about the formulation of the ReaxFF reactive force field method can

be found in Refs. [45, 53]. In current work, The parameters of the Ti/C/H/O

ReaxFF force field are re-optimized on the basis of two existing ReaxFF force

fields, the CHON-weak force field [55] and the force field for MXene materials

(Tin+1CnTx , Tx = –O, –OH or –F) [56–59]. More specifically, the interactions

between Ti and C/H/O atoms are based on the description of the MXene force

field while the interactions between C/H/O atoms follow the description of the

CHON-weak force field. The parameters of this newly developed Ti/C/H/O

ReaxFF force field are provided in the Supporting Information. The MXene

force field has been successfully employed to investigate various properties of

different systems containing MXene materials, such as the dynamics of aque-

ous electrolytes confined in two-dimensional-TiO2/Ti3C2T2 MXene heterostruc-

tures [56], the interaction between MXene and solvents [60], the fundamental

mechanical properties of MXene [61], etc. Most recently and more relevant to

the system being investigated in this work, Wei et al. [51] have used the MX-

ene force field to study the kinetics of hydrolysis reactions of gas-phase TTIP

through ReaxFF MD simulation. Instead of using the MXene force field di-

rectly, we re-optimized the parameters for C/H/O interactions in it based on

the CHON-weak force field because the latter has a better performance for
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describing the hydrocarbon/water weak interactions in condensed phase [55].

This merit is desired in this study as we shall start simulation from a TTIP

droplet rather than gas-phase TTIP molecules in order to mimic the process

that precursor droplets enter into the hot flame region during FSP.

To test the performance of this newly developed Ti/C/H/O ReaxFF force

field, we have calculated the density (ρ) and boiling point (Tb) of bulk phase

TTIP at 1 atm pressure by MD simulation and compared the results with ex-

perimental data. Both the calculated density and boiling point agree well with

experimental data. (At 300 K, ρ = 0.96 g cm−3 based on MD simulation while

ρ = 0.95 g cm−3 based on experimental measurements [22]; Tb = 562 K obtained

by MD simulation while Tb = 505 K based on experimental data [62]). More

details about the calculation of density and boiling point are provided in the

Supporting Information (see Fig. S1 and Fig. S2). In addition to the physical

properties of condensed phase TTIP, we also estimated the first order pyrolysis

rate constants of gas-phase TTIP by reactive MD simulation and compared our

results with previous work. Simulation details on calculating gas-phase TTIP

pyrolysis rate constants are described in Supporting Information. As shown

in Fig. S4, the pyrolysis rate constants obtained in this work are very close

to the results reported by Wei et al. [51], which were also based on MD sim-

ulation with a different temperature range (1300 K–2500 K in this work versus

1500 K–3000 K used by Wei et al. [51]) and a different Ti/C/H/O force field

(i.e., the aforementioned MXene force field [57–59]). The difference between

the activation energy for TTIP pyrolysis (which can be calculated based on the

slope of the ln k–1/T plot), reported by Wei et al. [51] and that obtained in

this work < 4 kcal/mol, which is within the range of uncertainty of energy for

ReaxFF MD simulations. The slightly difference in the activation energy can

be attributed to the different parameters describing C/H/O interaction and the

different temperature range used in calculating rate constants k. Rate constants

of TTIP pyrolysis estimated based on experiments conducted in a laminar flow

reactor with a relatively low temperature range (500 K–670 K) [39] are also plot-

ted in Fig. S4. As suggested by Fig. S4, extrapolating the experimental data of
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Okuyama et al. [39] to high temperature region leads to rate constant k much

lower than that obtained based on MD simulations, which again highlights the

need to investigate the detailed decomposition mechanism and the inception

mechanism of TTIP conversion to incipient titanium clusters in the hot flame

region.

2.2. Simulation setup

Since this work intended to provide insights into TTIP inception mecha-

nism in the context of FSP, in which precursor spray droplets are combusted

in high-temperature flame, we started simulation from a TTIP nanodroplet in-

stead of gas-phase TTIP molecules that were used previously when calculating

the pyrolysis rate constants of TTIP in Section 2.1. Initial configuration of the

TTIP nanodroplet is generated using the PACKMOL program [63] by randomly

packing 130 TTIP molecules within a confined spherical region with a diameter

= 6 nm, leading to a density slightly lower than the density of liquid TTIP at

300 K. After using the conjugate gradient (CG) algorithm to eliminate artifacts

of the initialization, the system is further equilibrated at 300 K for 350 ps. Figure

S5 in the Supporting Information shows the potential energy of the system ver-

sus simulation time during equilibration, which suggests that TTIP130 droplet

achieves equilibrium state at 300 K after about 100 ps, as the potential energy of

the system becomes nearly unchanged with time after then. Three equilibrated

configurations of TTIP130 are chosen randomly (uniform distribution) as the ini-

tial configurations of the TTIP droplet in the following pyrolysis and oxidation

simulations. The canonical ensemble (i.e., controlled particle number, volume

and temperature, NVT) is used during the equilibration process with a 0.2 fs

timestep. Constant temperature is maintained by the Nosé-Hoover thermostat

with a damping constant of 20 fs.

After obtaining the equilibrated configurations of a TTIP130 nanodroplet at

300 K, it is put at the center of a simulation box with side length L = 40 nm.

Periodic boundary conditions are used in x, y and z directions. Eleven cases

with different simulations conditions have been designed serving different pur-
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poses as listed in Table 1. Cases 1, 2 and 3 are TTIP130 nanodroplet pyrolysis

at 1500 K, 2000 K and 2500 K respectively, the purpose of which is to study the

effect temperature on the inception process of TTIP to incipient clusters. These

three temperatures are chosen because 1500 K – 2500 K covers the most typical

flame temperatures in FSP [13, 43]. For Cases 4, 5 and 6, different numbers

of O2 molecules are introduced into the simulation box, in order to study how

different concentrations of O2 will affect the inception process of the TTIP pre-

curor droplet. 2340 O2 molecules correspond to equivalence ratio = 1, i.e., all

130 TTIP molecules are fully oxidized to form TiO2, H2O and CO2. For Cases

7–11, different temperature profiles shown in Fig. 12(a) are imposed during the

simulation, which can be used to investigate the influence of high-temperature

residence time on the inception process. Figure 1 illustrates the initial config-

Table 1: Simulation setup of 11 cases with different surrounding gas and temperature profiles

being investigated in this work

Case Surrounding gas Temperature (K) Purpose

1

pyrolysis

1500

Temperature effect2 2000

3 2500

4 2340 O2

2500 O2 concentration effect5 1170 O2

6 585 O2

7

2340 O2

T profile11

High-temperature

residence time effect

8 T profile21

9 T profile31

10 T profile41

11 T profile51

1 Temperature profiles are shown in Fig. 12(a).

uration of the simulation system. For the three pyrolysis cases, i.e., Cases 1–3,

there is no O2 surrounding the TTIP130 droplet; While for Cases 4–11, different
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numbers of O2 are introduced in the simulation box. The simulation time for

Figure 1: Illustration of the initial configuration of the simulation system. The molecular

structure of an O2 molecule and a TTIP molecule are inserted. dp is the diameter of the

TTIP130 droplet.

each case is 6000 ps. Since the TTIP130 nanodroplet was equilibrated at 300 K,

prior to the 6000 ps simulation, the system is rapidly heated (in 10 ps) from

300 K to the target temperatures, i.e., 1500 K, 2000 K and 2500 K. The canoni-

cal ensemble (NVT) is used to perform both pyrolysis and oxidation simulations.

Temperature is controlled to the desired value by the Nosé-Hoover thermostat

with a damping constant of 10 fs. A shorter simulation timestep, 0.1 fs, is used

to ensure smooth evolution of reactions at the relatively high flame temper-

atures investigated in this work. Snapshots are prepared by Visual Molecular

Dynamics (VMD) software [64] and OVITO [65]. A commonly used 0.3 bond or-

der cutoff is employed to identify the species formed during simulation [66–71].

For post-processing of the simulation trajectories, atomic positions and bond

information are collected every 1 ps and the recognized species information is

collected at a higher frequency, i.e., every 0.5 ps, so as to provide more detailed

insights into the reaction pathway.
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3. Results and Discussions

3.1. Pyrolysis of TTIP130 – Effect of temperature

We first consider the pyrolysis of a TTIP130 nanodroplet in Cases 1, 2 and

3, where O2 is not introduced in the simulation system. Figure 2 shows the

time evolution of normalized number of TTIP, TiO2, TiOxCyHz , Ti2OxCyHz

and TimOxCyHz (m,x, y, z ∈ N,m > 2) during the pyrolysis of a TTIP130

nanodroplet at three different temperatures. Note that TiOxCyHz , Ti2OxCyHz

and TimOxCyHz do not refer to one specific species but a group of Ti-containing

species that contain 1, 2 and m (> 2) Ti atoms respectively regardless of the

number of O, C and H atoms. The normalized number of species n in Fig.

2 represents the proportion of Ti element existing in the form of one specific

species (i.e., TTIP or TiO2) or a certain group of species (i.e., TiOxCyHz ,

Ti2OxCyHz or TimOxCyHz ). Take Ti2OxCyHz for an example. Assuming that

at time t there are n molecules containing two Ti atoms, then the normalized

number of Ti2OxCyHz at time t is calculated as 2n/130.

It is worth noting that in Fig. 2, Ti2OxCyHz appears earlier than TiO2,

and with its number concentration much higher than that of TiO2 regardless

of the pyrolysis temperature. This finding is contrary to previous understand-

ing on the inception mechanism of TTIP convertion to TiO2 nanoparticles. It

was generally believed that TTIP was first converted to TiO2 product vapor,

then homogeneous nucleation occured to form thermodynamically stable clus-

ters when TiO2 vapors became sufficiently supersaturated [17]. However, our

simulation results suggest that TiO2 monomers can only play a minor role in the

inception process due to its almost negligible number concentration. Instead,

the dimerization of two TiOxCyHz species occurs earlier and proceeds much

faster than precursor TTIP molecules converting to TiO2 molecules. Similar

findings were also reported by Wei et al. [51] when investigating the kinetics of

hydrolysis of gas-phase TTIP molecules using reactive MD simulation. More-

over, this is also consistent with the recent experimental results of Fang et al.

[42], who measured the charged clusters formed in a premixed CH4/O2/N2 flat
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Figure 2: The normalized number n of TTIP, TiO2, TiOxCyHz , Ti2OxCyHz and TimOxCyHz

(m,x, y, z ∈ N,m > 2) versus time during pyrolysis of TTIP130 nanodroplet at 1500 K (Case

1 in Table 1) (a); 2000 K (Case 2 in Table 1) (b); and 2500 K (Case 3 in Table 1) (c). The

normalization is performed in the way that n represents the proportion of Ti element existing

in a certain kind of species. The presented curves represent the averaged values of three

independent runs with different initial configurations. Uncertainties of the simulation results

are determined as the standard deviation of three independent runs and are illustrated by the

semi-transparent area around the curve.
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flame with TTIP addition using an atmospheric pressure interface time-of-flight

(APi-TOF) mass spectrometer. Pure TiO2 clusters were not detected by the

authors and they argued that intermediates from TTIP decomposition might

polymerize or aggregate into larger clusters prior to conversion to pure TiO2.

Besides, Figs. 2(a), 2(b) and 2(c) show that temperature has a signifi-

cant influence on the consumption rate of TTIP molecules. At 1500 K, TTIP

molecules have not been fully consumed even at the end of simulation, although

∼60% of Ti elements have already participated in the formation of incipient

Ti-containing clusters (i.e., TimOxCyHz (m > 2) species) by 6000 ps. In con-

trast, at a much higher pyrolysis temperature — 2500 K, the number of TTIP

molecules decrease to 0 rapidly in less than 200 ps. Figure 2 also suggests that

high temperature does not necessarily promotes the inception process of TTIP

to Ti-containing clusters, as at 2500 K, only ∼30% Ti atoms are existed in the

form of TimOxCyHz , which is much less than the percentage of Ti element

existing in TimOxCyHz species at 1500 K and 2000 K. Since the peak concen-

trations of Ti2OxCyHz are similar at three temperatures, fewer TimOxCyHz

during the 6000 ps simulation at 2500 K is supposed to be caused by the unsta-

bleness of Ti-O bonds at such high temperature. This can be reflected in Fig.

2(c) that the number of Ti2OxCyHz reduces quickly after reaching its peak

value, which is accompanied by an instantaneous increase in the number of

TiOxCyHz , demonstrating the decomposition of the newly formed Ti2OxCyHz

species, i.e., the breakup of the newly formed Ti-O bonds.

In order to explore the initial decomposition pathway of TTIP pyrolysis

at different temperatures in a more detailed manner, we examined all of the

Ti-containing species at the time when half of the TTIP molecules were con-

sumed, i.e., the specific chemical formulas of TiOxCyHz were inspected. Table

2 lists the number and the chemical formula of Ti-containing species at 806 ps

of TTIP130 pyrolysis at 1500 K, corresponding to the state when 1/2 of initial

TTIP molecules are consumed. Similar analysis was also performed for TTIP130

pyrolysis at 2000 K (t = 56.5 ps) and 2500 K (t = 15.5 ps), as shown by Tables

S1 and S2. The possible formation pathway of these Ti-containing intermediate
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species are also given in Tables 2, S1 and S2, based on the species information

extracted every 0.5 ps during simulations.

Table 2: Chemical formulas of the Ti-containing intermediate species and their number at the

time when 1/2 of initial TTIP molecules are consumed (t = 806 ps) during TTIP130 pyrolysis

at 1500 K. Possible formation pathway is provided based on the species information extracted

every 0.5 ps during MD simulations.

Species Number Formation pathway

TiO4C12H28 65

TiO3C9H21 35 Ti-O break (-C3H7O)

TiO4C9H22 7 H shift; C-O break (-C3H6)

TiO3C6H15 5 Ti-O, C-O break (-2C3HxOy)1

TiO3C6H14 4 Ti-O, C-O break (-2C3HxOy)1

TiO2C6H14 3 2 Ti-O break (-2C3HxOy)1

TiO4C9H21 3 C-O break (-C3H7)

TiO3C9H22 2 H shift; Ti-O break (-C3H6O)

TiO2C3H8 1 2 Ti-O, C-O break (-3C3HxOy)1

TiO3C3H9 1 Ti-O, 2 C-O break (-3C3HxOy)1

Ti2O5C15H35 1

Ti2O5C12H29 1

1 When more than one Ti-O or C-O bonds are broken, it is hard to infer specific chemical

formula of each released C/H/O-containing moieties, so x, y ∈ N are used.

According to Tables 2, S1 and S2, the major products of initial decompo-

sition of TTIP is TiO3C9H21 at all three temperatures, which can be formed

by breaking one Ti-O bond in a TTIP molecule; Meanwhile a C3H7O is re-

leased. The second most abundant Ti-containing intermediate species observed

is TiO4C9H22. Since TiO4C9H22 has four O atoms, it cannot be produced by

Ti-O bond break, which will lead to the loss of O atoms. Based on analyzing

the outputted species information and scrutinizing the simulated trajectory, we

found TiO4C9H22 was formed by break of one C-O bond in a TTIP molecule,

prior to which an H atom shifts from C to O, thus C-O bond breaking results in

14



the release of one C3H6 rather than C3H7. Generally, for a specific TiOxCyHz

species with x, y and z known, its formation pathway can be inferred by com-

paring its number of O atoms (i.e., x) and C atoms (i.e., y) with those of a

TTIP molecule (TiO4C12H28). Break of one Ti-O bond in a TTIP molecule

will lead to loss of one O atom and three C atoms, while break of one C-O bond

will remove three C atoms but the number of O atoms will not be affected.

For pyrolysis at two higher temperatures, namely 2000 K and 2500 K, besides

the break of Ti-O bonds and C-O bonds, break of C-C bonds is also observed.

Break of one C-C bond in a TTIP molecule releases a CH3, hence the number

of C atoms in the resulted titanium intermediate species is no longer a multiple

of 3.

It is also noteworthy that for TTIP130 pyrolysis at 1500 K, Ti2OxCyHz

species already appear although only half of the TTIP molecules have been

consumed at this time and no TiO2 molecule has been formed yet. To illus-

trate the formation pathway of the earliest/smallest Ti-containing clusters, i.e.,

Ti2OxCyHz species, we tracked the evolution of the Ti atoms in Ti2OxCyHz

species at 806 ps during TTIP130 pyrolysis at 1500 K. Take the formation of

Ti2O5C12H29 species as an example. Figure 3 illustrates how it is formed during

TTIP130 pyrolysis at 1500 K. As highlighted by the dotted rectangular region

Figure 3: Illustration of the formation pathway of Ti2O5C12H29 starting from two TTIP

molecules (shown at the left and right side of the first row) during TTIP130 pyrolysis at

1500 K. Bonds between C atoms and H atoms are not shown for clarity. Corresponding

simulation times of the snapshots are labeled on top in grey.
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in Fig. 3, Ti2O5C12H29 is formed by the combination of one Ti(OC3H7)3 and

one Ti(OC3H7)(OH), both of which are intermediate titanium species converted

from TTIP molecules. Break of one Ti-O bond in a TTIP molecule leads to

Ti(OC3H7)3, as shown by the upper left region in Fig. 3. The formation of

Ti(OC3H7)(OH) is demonstrated in the upper right region of Fig. 3. Starting

from a TTIP molecule, at 50 ps, the break of one Ti-O bond in TTIP releases

a C3H7O moiety and results in Ti(OC3H7)3; Next an H atom shifts from C

atom to be bonded with O atom and then C-O bond breaks to release a C3H6,

resulting in Ti(OC3H7)2(OH); After that another Ti-O bond breaks, leading to

Ti(OC3H7)(OH) until it combines with Ti(OC3H7)3 to form Ti2O5C12H29. The

further evolution of Ti2O5C12H29 after 806 ps is tracked for an extended period

of time, which is shown the bottom row of Fig. 3. C atoms and H atoms in

Ti2O5C12H29 continue to be lost through break of Ti-O bonds and C-O bonds

after 806 ps. This is reasonable as the target products using TTIP as precursors

in flame reactors or hot wall flow reactors are TiO2 nanoparticles; Hydrocarbon

components from the TTIP precursors are usually regarded as impurities that

should be avoided.

After performing detailed examination on the initial decomposition (which

typically finishes within 1000 ps under the simulated pyrolysis conditions in this

work) pathway of TTIP molecules, we tracked the evolution of the number of

Ti-O bonds, O-C bonds and C-C bonds during the entire 6000 ps simulation to

obtain an overall picture of the bond evolution pattern during the pyrolysis of

TTIP130. The normalized number of Ti-O bonds, O-C bonds and C-C bonds

in the simulation system versus time at three different pyrolysis temperatures,

namely 1500 K, 2000 K and 2500 K, are displayed in Figs. 4(a), 4(b) and 4(c)

respectively. The normalization is performed based on the initial number (n0)

of a certain kind of bonds in the system, i.e., the number of Ti-O bonds and

O-C bonds is normalized by 130 × 4 = 520, while the number of C-C bonds is

normalized by 130× 8 = 1040.

According to Figs. 4(a), 4(b) and 4(c), initially, the number of Ti-O bonds

(nb,Ti−O) reduces faster than the number of O-C bonds (nb,O−C) with time

16



Figure 4: The normalized number of Ti-O bonds, O-C bonds, C-C bonds and TTIP molecules

versus time during TTIP130 pyrolysis at 1500 K (a); 2000 K (b); and 2500 K (c). The normal-

ization factor n0 represents the initial number of a certain kind of bonds or TTIP molecules

in the simulation system, i.e., n0 = 520 for Ti-O bonds and O-C bonds; n0 = 1040 for C-C

bonds; n0 = 130 for TTIP molecules. The presented curves represent the averaged values of

three independent runs with different initial configurations. Uncertainties of the simulation

results are determined as the standard deviation of three independent runs and are illustrated

by the semi-transparent area around the curve. The semi-transparent yellow region denotes

the time period when the number of Ti2OxCyHz species is larger than 1/2 of its peak value.17
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regardless of pyrolysis temperature, which agrees with our previous finding that

break of Ti-O bonds in TTIP molecules is the most significant initial thermal

decomposition pathway of TTIP followed by the break of O-C bonds (see Tables

2, S1 and S2). In addition, comparing with nb,Ti−O and nb,O−C, the decreasing

rate of the number of C-C bonds (nb,C−C) is the smallest, which is consistent

with the previous observation that the break of C-C bonds is much less fre-

quent than the break of Ti-O bonds and O-C bonds (see Tables 2, S1 and S2).

Comparison of Figs. 4(a), 4(b) and 4(c) indicates that fewest Ti-O, O-C, C-C

bonds have been broken at 1500 K in 6000 ps, due to the much less reactivity

of the system at 1500 K than that at two higher temperatures. For the time

evolution of Ti-O bonds (shown by the black curve in Figs. 4(a), 4(b) and

4(c)), at the three pyrolysis temperatures, nb,Ti−O decreases rather fast in the

beginning, especially at the highest pyrolysis temperature — 2500 K, where the

curve representing nb,Ti−O is almost vertical within the first 100 ps of simula-

tion. Then the decline rate of nb,Ti−O gradually slows down as it enters the

semi-transparent yellow region in Fig. 4, which denotes the time period during

which the number of Ti2OxCyHz species is larger than 1/2 of its peak value.

The formation of Ti2OxCyHz species means new Ti-O bonds are formed be-

tween two TiOxCyHz species, thus it can offset the reduction of nb,Ti−O caused

by the break of Ti-O bonds in TTIP molecules to some extent. As indicated

by Figs. 4(a) and 4(c), in 6000 ps pyrolysis simulation, ∼30% of the initial

Ti-O bonds in TTIP molecules are broken at 1500 K, while the figure reaches

∼70% at 2500 K, which is equivalent to break of ∼3 Ti-O bonds in each TTIP

molecule. Different trends of time evolution of nb,Ti−O at three pyrolysis tem-

peratures are also noteworthy. At 1500 K, nb,Ti−O keeps decreasing during the

6000 ps simulation, although with a rather slow decline rate compared with that

at 2000 K and 2500 K. At 2500 K, nb,Ti−O decreases rapidly before 1000 ps, but

after its value drops to ∼0.3, it stops decreasing and becomes almost unchanged

with time. At 2000 K, nb,Ti−O first decreases but then gradually increases with

time after around 3000 ps. The increase of nb,Ti−O at 2000 K is supposed to

be caused by the inception process, i.e., TTIP converting to Ti-containing clus-
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ters, during which new Ti-O bonds can form between two titanium intermediate

species. Based on the trend of time evolution of nb,Ti−O in 6000 ps at 2500 K,

it can be inferred that large Ti-containing clusters are almost unlikely to be

formed under such condition because Ti-O bond formation is hardly observed

after the initial break of Ti-O bonds in TTIP molecules. For amorphous TiO2

particles in a small size, the coordination number for Ti atoms is ∼5, i.e., one

Ti atom is bonded to five oxygen atoms [1, 51]. Therefore, if amorphous TiO2

nanoparticles are formed during simulation, nb,Ti−O is expected to be near 1.25.

However, nb,Ti−O shown in Fig. 4 at all three pyrolysis temperatures are well

below 1.25 at the end of the 6000 ps simulation, meaning most Ti atoms are still

unsaturated.

Table 3 lists the Ti-containing clusters (i.e., TimOxCyHz , m ≥ 4) that

have been formed at the end of 6000 ps pyrolysis simulation at 1500 K, 2000 K

and 2500 K. O/Ti ratio of each species and the averaged O/Ti ratio of all

TimOxCyHz species listed are also calculated. As demonstrated by Table

3, the observed Ti-containting clusters are rather small, the largest one (i.e.,

Ti12O13H5 during pyrolysis at 1500 K) of which only consists of 12 Ti atoms,

with gyration diameter less than 1 nm (∼5.8 Å). In addition, these incipient

titanium clusters, i.e., TimOxCyHz species, are highly unsaturated in terms

of O/Ti ratio. Ti-containting clusters formed through 1500 K pyrolysis have

the largest averaged O/Ti ratio – 1.18, among the three pyrolysis temperature,

which is still well below 2 – the value expected in TiO2 nanoparticles. At 2500 K,

the average O/Ti ratio drops to only ∼0.9.

It is worth mentioning that although most TimOxCyHz (m ≥ 4) species

are formed at the lowest pyrolysis temperature, namely 1500 K, these incipient

Ti-containing clusters can contain a certain amount of carbon impurities, as

suggested by the lower part of Table 3. By contrast, at the highest pyrolysis

temperature simulated in this work, i.e., 2500 K, no carbon impurites are ob-

served in the incipient Ti-containing clusters, which however, is on the expense

of much fewer TimOxCyHz species being formed at such high temperature. This

may suggest that if TTIP were used as precursors to produce TiO2 nanoparti-
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Table 3: The number of TimOxCyHz (m,x, y, z ∈ N,m ≥ 4) species and their corresponding

O/Ti ratio at the end of the 6000 ps simulation of TTIP130 nanodroplet pyrolysis at 1500 K,

2000 K and 2500 K.

T = 1500 K T = 2000 K T = 2500 K

Species n O/Ti Species n O/Ti Species n O/Ti

Ti12O13H5 1 1.08 Ti7O7H 1 1.00 Ti11O8 1 0.73

Ti11O12H4 1 1.09 Ti7O7 5 1.00 Ti9O8 1 0.89

Ti8O8H 1 1.00 Ti7O6H 1 0.86 Ti9O7 1 0.78

Ti7O8H2 3 1.14 Ti7O6 2 0.86 Ti8O7 1 0.88

Ti7O8H 1 1.14 Ti6O6H 1 1.00 Ti6O5 1 0.83

Ti7O7H2 1 1.00 Ti6O6 6 1.00 Ti5O5 2 1.00

Ti7O7 1 1.00 Ti5O6H3 1 1.20 Ti4O5H2 1 1.25

Ti6O7H4 1 1.17 Ti5O6H2 1 1.20 Ti4O4 9 1.00

Ti5O6H2 1 1.20 Ti5O5H 5 1.00 Ti4O3 2 0.75

Ti5O6H 1 1.20 Ti5O5 1 1.00

Ti4O6H5 1 1.50 Ti5O4 2 0.80

Ti4O5H3 1 1.25 Ti4O4H 1 1.00

Ti4O5H2 1 1.25 Ti4O4 21 1.00

Ti4O5H 1 1.25 Ti4O3 1 0.75

Ti4O4H 2 1.00

Ti4O4 7 1.00

Ti12O16C6H19 1 1.33 Ti5O4C2H2 1 0.80

Ti7O11C2H10 1 1.57

Ti7O9C6H18 1 1.29

Ti6O9C6H16 1 1.50

Ti5O6C6H15 1 1.20

Ti4O7C6H16 1 1.75

Ti4O6C6H15 1 1.50

Ti4O5C3H6 1 1.25

Avg. O/Ti ratio 1.18 0.98 0.91

1 Results are based on three independent runs with different initial configurations at each

temperature. Species listed in the lower part of the table contain carbon components, i.e.,

y > 0
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cles through pyrolysis, the optimal reactor temperature needs to be determined

in order to obtain a satisfactory production rate as well as the lowest amount of

carbon impurities. Another interesting finding based on Table 3 is that Ti4O4

is found to be an important Ti-containing intermediate species during the py-

rolysis of TTIP, as its number is notablely higher than other titanium species

regardless of temperature. We noticed that Ti4O4 has a cube molecular struc-

ture, with four Ti atoms and four O atoms alternatively distributed on the

vertex of a cube (Illustration of the molecular structure of Ti4O4 can be found

in the snapshots of Fig. 5), making it quite stable even at temperatures higher

than 2000 K.

To illustrate the growth pathway of Ti-containing clusters during the pyrol-

ysis of TTIP130, we tracked the formation pathway of the largest Ti-containing

cluster observed in the simulation, i.e., Ti12O13H5. Figure 5 shows its growth

path starting from Ti4O4. The first row and second row in Fig. 5 illustrate how

Figure 5: Illustration of the formation pathway of Ti12O13H5 starting from Ti4O4 during

TTIP130 pyrolysis at 1500 K. Corresponding simulation times of the snapshots are labeled

beside in grey. Magenta, red, blue and silver represent Ti, O, C and H atoms, respectively.

Ti4O4 has grown up to Ti7O8H. Briefly, Ti4O4 has combined with a series of

Ti-containing intermediate species including Ti(OC3H7)2O, Ti(OC3H7)(OCH3)

and TiO through formation of Ti-O bonds. Meanwhile, it keeps releasing some
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hydrocarbon moieties such as C3H7O, C3H6 and CH2 through breaking of Ti-O

bonds and C-O bonds. At 5285 ps, the collision between Ti7O8H and Ti4O4H3

leads to the formation of a larger titanium cluster, i.e., Ti11O12H5, which is il-

lustrated at the beginning of the third row in Fig. 5. After then, Ti(OC3H7)2 is

bonded to Ti11O12H5, resulting in Ti12O14C6H19. Later on, C3H7 and C3H7O

are released from Ti12O14C6H19 through the break of Ti-O bond and C-O bond,

leading to the formation of Ti12O13H5 finially.

Since Fig. 2 shows that the concentration of TiO2 is rather low during pyrol-

ysis of TTIP130, we then identified the major Ti-containing intermediate species

based on the obtained simulation results. Figures 6(a), 6(b) and 6(c) illustrate

the normalized number n of Ti, TiO, TiO2, TiOH, Ti(OH)2 and Ti(OH)3 versus

time during TTIP130 pyrolysis at 1500 K, 2000 K and 2500 K, respectively. It

can be seen in Fig. 6 that at 1500 K, the number of all these six species are much

lower than those at 2000 K and 2500 K. This is because at 1500 K, most of Ti

element ends up in forming larger titanium clusters, i.e., TimOxCyHz (m > 1)

species rather than existing in the form of TiOxCyHz , which has been illus-

trated in Fig. 2(a). Figure 6 also shows that comparing with TiO2, the number

of TiO species is more significant at all three pyrolysis temperatures, especially

at 2500 K, where more than 40% of Ti element exists in TiO. Besides TiO, other

three species, namely Ti(OH)2, TiOH and Ti are also found to be non-negligible

at 2000 K and 2500 K. According to Figs. 6(b) and 6(c), Ti(OH)2 is accumulated

with time at first; After reaching its peak concentration, i.e., nmax,Ti(OH)2 ≈ 0.1

at 2000 K and nmax,Ti(OH)2 ≈ 0.15 at 2500 K, its number begins to decrease

with time, meaning it is being consumed. This suggests that Ti(OH)2 serves as

a key intermediate species during the pyrolysis of TTIP. In contrast, Ti(OH)4,

which was considered to be the most important intermediate species along the

pathway of TTIP convertion to TiO2 [24, 33, 41, 72–74], however, is found to

be negligible at all three pyrolysis temperatures and thus is not shown in Fig.

6. Although Ti(OH)4 is rather insignificant, a small amount of Ti(OH)3 is ob-

served as demonstrated by the cyan curve in Fig. 6. Based on the trends of

the time evolution of Ti(OH)3, Ti(OH)2 and TiOH displayed in Figs. 6(b) and
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Figure 6: Normalized number n of Ti, TiO, TiO2, TiOH, Ti(OH)2 and Ti(OH)3 versus time

during TTIP130 pyrolysis at 1500 K (a); 2000 K (b); and 2500 K (c). The normalization is

performed in the way that n represents the proportion of Ti element existing in the form of a

certain species. The presented curves represent the averaged values of three independent runs

with different initial configurations. Uncertainties of the simulation results are determined as

the standard deviation of three independent runs and are illustrated by the semi-transparent

area around the curve.
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Fig. 6(c), the relationship among these three Ti-containing intermediate species

may be inferred as Ti(OH)3 → Ti(OH)2 → TiOH through continuous breaking

of Ti-O bonds at high-temperature environment. The reason why Ti(OH)4 is

hardly observed can be attributed to the relatively high pyrolysis temperatures

(T ≥ 1500 K) used in our simulations. According to Buerger et al. [23], Ti(OH)4

was the most stable titanium species when T < 1250 K. Our simulation results

shown in Fig. 6 suggests that the previous decompsition mechanism of TTIP

which regarded Ti(OH)4 as the most important intermediate titanium species

before formation of TiO2 needs to be re-examined in future work, at least for

the high-temperature regime of T ≥ 1500 K.

To the best of the authors’ knowledge, experimental data measuring the in-

termediate titanium species during TTIP pyrolysis at temperatures higher than

1500 K has rarely been reported. The most relevant experimental study investi-

gating the elementary TTIP decomposition mechanism we could find in litera-

ture was performed by Ershov et al. [40], who conducted UV-Photodissociation

experiments on TTIP and detected the photofragments using the time-of-flight

mass spectrometer (TOF-MS) technique. Ti and TiO were found to be the most

abundant photofragments based on their measurements, which agrees well with

our simualtion results on the thermal decomposition of TTIP at 2500 K (see

Fig. 6(c)).

3.2. Combustion of TTIP130 with O2 – Effect of O2 concentration

In the previous section, the inception process of TTIP conversion to incipient

Ti-containing clusters has been examined in detail. In this section, the effect of

O2 on the inception mechasnim of TTIP to titanium clusters will be investigated,

because O2 is the most common oxidizer in flame reactors and is often used as

dispersion gas to atomize the liquid precursor in nanoparticle synthesis through

FSP [13, 20].

Figure 7 shows the time evolution of the normalized number n of TTIP,

O2, TiO2, TiOxCyHz , Ti2OxCyHz and TimOxCyHz (m,x, y, z ∈ N,m > 2)

during TTIP130 reacting with 2340 O2 molecules at 2500 K. Comparing the
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Figure 7: Normalized number n of TTIP, O2, TiO2, TiOxCyHz , Ti2OxCyHz and TimOxCyHz

(m > 2) versus time during TTIP130 reacting with 2340 O2 molecules at 2500 K (i.e., Case

4 in Table 1). For Ti-containing species, the normalization is performed in the way that n

represents the proportion of Ti element existing in a certain kind of species. For O2, the

normalization factor is its initial number n0 = 2340. The presented curves represent the

averaged values of three independent runs with different initial configurations. Uncertainties

of the simulation results are determined as the standard deviation of three independent runs

and are illustrated by the semi-transparent area around the curve.
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curves shown in Fig. 7 with those obtained during TTIP130 pyrolysis at 2500 K

without surrounding O2 molecules (Fig. 2(c)) can demonstrate the effect of O2

addition on the time evolution of these key species. It is found that the time

evolution of n of TiOxCyHz , Ti2OxCyHz and TimOxCyHz (m > 2) species

show similar pattern regardless of O2. However, with O2 introduced in the sim-

ulation system, a significant increase in the amount of TiO2 is observed. Not

only TiO2 takes up ∼40% of Ti element with O2 addition, but it also appears

earlier than Ti2OxCyHz species, which is contrary to the simulation results of

TTIP130 pyrolysis at 2500 K illustrated in Fig. 2(c). This is interesting because

with O2 introduced, the simulation results seem to be more in line with the

previous understanding on the inception mechanism of TTIP to TiO2 nanopar-

ticles, which believed that TTIP was first converted to TiO2 vapors followed

by homogeneous nucleation when TiO2 vapors were sufficiently supersaturated

[17].

We then examined the time evolution of Ti-O bonds, O-C bonds and C-C

bonds during the entire 6000 ps simulation of TTIP130 reacting with 2340 O2

molecules. To demonstrate the role played by O2, Ti-O bonds in the simulation

system are classified into two categories based on the origin of O atoms in a Ti-O

bond. Initially, there are 520 Ti-O bonds in the system, where all O atoms come

from TTIP. However, as chemical reactions proceed in the system, original Ti-O

bonds can break and new Ti-O bonds can form between Ti atoms and O atoms

from gaseous O2 molecules. Figure 8 illustrates the normalized number of Ti-O

bonds (nb,Ti−O(TTIP) and nb,Ti−O(O2) for O atom in Ti-O bond from TTIP and

O2 respectively), O-C bonds (nb,O−C) and C-C bonds (nb,C−C) versus simu-

lation time. Comparing the time evolution of nb,Ti−O(TTIP) when TTIP130 is

surrounded by 2340 O2 molecules with that of nb,Ti−O during TTIP130 pyrolysis

at 2500 K shown in Fig. 2(c), it is evident that addition of O2 has significantly

promoted the break of Ti-O bonds in TTIP. In Fig. 2(c), ∼70% of initial Ti-O

bonds in TTIP molecules have broken in 6000 ps, while as suggested by Fig. 8,

almost all of the orginal Ti-O bonds are broken. While the original Ti-O bonds

are broken, new Ti-O bonds between Ti atoms and O atoms from O2 molecules
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Figure 8: The normalized number of Ti-O bonds (O atom from TTIP), Ti-O bonds (O atom

from gaseous O2), O-C bonds and C-C bonds versus time during TTIP130 reacting 2340 O2 at

2500 K. The normalization factor n0 represents the initial number of a certain kind of bonds

in the simulation system, i.e., n0 = 520 for Ti-O bonds and O-C bonds; n0 = 1040 for C-C

bonds. The presented curves represent the averaged values of three independent runs with

different initial configurations. Uncertainties of the simulation results are determined as the

standard deviation of three independent runs and are illustrated by the semi-transparent area

around the curve.
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are constantly being formed till nb,Ti−O(O2) achieves ∼0.4 (at around 500 ps).

This is equivalent to that on average, each Ti atom is bonded with 1.6 O atoms

from O2, while almost all of the four original Ti-O bonds in TTIP molecules

are broken. Briefly, Fig. 8 is suggesting that when gaseous O2 molecules are

introduced, O atoms in O2 will replace the original O atoms in TTIP to form

new Ti-O bonds.

To identify the major titanium intermediate species during TTIP130 reacting

with 2340 O2 molecules, the time evolution of eight Ti/O/H-containing species

are examined and the results are plotted in Fig. 9. As suggested by Fig. 9, TiO

Figure 9: The normalized number n of Ti, TiO, TiO2, TiO3, TiOH, Ti(OH)2, Ti(OH)3

and Ti(OH)4 versus time during TTIP130 reacting with 2340 O2 molecules at 2500 K. The

normalization is performed in the way that n represents the proportion of Ti element existing

in the form of a certain species. The presented curves represent the averaged values of three

independent runs with different initial configurations. Uncertainties of the simulation results

are determined as the standard deviation of three independent runs and are illustrated by the

semi-transparent area around the curve.

and TiO2 are found to be two most dominant titanium intermediate species

when TTIP130 is reacting with 2340 O2 molecules at 2500 K. Almost ∼80% of

Ti element exists in these two species, with each of them taking up ∼40% of

the total Ti element. Comparing with the pyrolysis case at 2500 K, i.e., Case 3

in Table 1, it can be seen that the amount of TiO is similar (see Fig. 6(c)), i.e.,
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nTiO ≈ 0.4 whether O2 is introduced or not. Similar to the pyrolysis case at

2500 K, Ti(OH)4 also appears to be negligible in Case 4. Atomic Ti is hardly

detected with O2 addition in Case 4, which is understandable because it tends

to be oxidized by the sufficient O2 molecules in the simulation system, leading

to various titanium oxides including TiO, TiO2 and even a small amount of

TiO3.

Figure 10 illustrates the typical formation pathway of TiO and TiO2 in Case

4 (i.e., TTIP130 reacting with 2340 O2 molecules at 2500 K), which are the two

most dominant titanium species that are formed in Case 4. It also clearly demon-

Figure 10: Illustration of the formation pathway of TiO and TiO2 starting from a TTIP

molecule during TTIP130 reacting with 2340 O2 at 2500 K (i.e., Case 4 in Table 1). Corre-

sponding simulation times of the snapshots are labeled beside in grey.

strates how O atoms in O2 molecules has replaced the original O atoms in TTIP

gradually. As illustrated by Fig. 10, the whole reaction is initiated by the break

of a Ti-O bond in a TTIP molecule, which releases a C3H7O and a Ti(OC3H7)3

is formed. This initiation process is similar to that in the pyrolysis case (see

Fig. 3). Since Ti atom in Ti(OC3H7)3 is unsaturated, an O2 molecule comes to

bond with it thus forming Ti(OC3H7)3O2. Then a C3H6O is released through

the break of another Ti-O bond, leading to Ti(OC3H7)2(OH)O. At 133 ps, in

Ti(OC3H7)2(OH)O, both O atoms from O2 are bonded with the Ti atom, as

this configuration should have the lowest potential energy. So far, two atoms in

a gaseous O2 has successfully replaced two original O atoms in TTIP. Following

reactions show similar patterns as those observed in the pyrolysis case (see Fig.
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3). Hydrocarbon moieties such as C3H7O and C3H6 are released by break of

Ti-O bond or C-O bond. Due to the high simulation temperature, i.e., 2500 K,

Ti-O bond keeps breaking after the titanium species becomes carbon-free. This

is illustrated by the second row of Fig. 10, demonstrating the conversion of

Ti(OH)2O → Ti(OH)O → TiO2 → TiO through continuous breaking of two

Ti-O bonds.

To investigate the effect of different concentration of O2 on the inception

process of TTIP conversion to incipient clusters, besides introducing 2340 O2

molecules in the simulation system (i.e., Case 4), we performed two more sim-

ulations of TTIP130 reacting with 1170 O2 (i.e., Case 5) and 585 O2 molecules

(i.e., Case 6) at 2500 K, respectively. Figure 11 shows the normalized number
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Figure 11: The normalized number of TiO2 versus time during TTIP130 reacting with 2340

O2 molecules (Case 4), 1170 O2 molecules (Case 5), 585 O2 molecules (Case 6) and 0 O2

(i.e., pyrolysis; Case 3) at 2500 K, respectively. nTiO2 represents the proportion of Ti element

existing in TiO2, i.e., nTiO2 = nTiO2/130.

of TiO2 (nTiO2
) versus time during TTIP130 reacting with different numbers

of O2 molecules, i.e., different concentrations of O2, at 2500K. For comparison,

the time evolution of nTiO2 during TTIP130 pyrolysis at 2500 K is also shown

in Fig. 11, which represents the extreme condition without any O2. Figure 11

suggests the amount of produced TiO2 increases with increasing O2 concentra-
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tion. While for other key intermediate titanium species including TiOxCyHz ,

Ti2OxCyHz and TimCxHyOz (m > 2), their time evolutions exhibit parallel

patterns regardless of O2 concentration, thus are not shown here. Since the

concentration of O2 can significantly influence the amount of TiO2, it indicates

that enough O2 supply is important to convert TTIP precursors to TiO2 vapors

in FSP.

3.3. Combustion of TTIP130 with O2 – Effect of high-temperature residence time

High-temperature residence time measures how long particles have been in

the high-temperature region in the flame, i.e., it represents the temperature-

time history of the flame-generated particles [13]. It is an important factor in

flame synthesis of nanomaterials because temperature gradient in flames can be

quite steep and it can vary by changing flame conditions such as changing the

fuel/oxidizer flow rate, adjusting the height of the stagnation plate, etc.

To explore the effect of high-temperature residence time on the inception

process of TTIP, we imposed five different temperature profiles (shown in Fig.

12(a)) to perform simulations of TTIP130 reacting with 2340 O2 molecules. The

upper and lower limits of the five created temperature profiles are chosen to be

2500 K and 1000 K, respectively, based on the flame temperature measured in

the FSP experiments conducted by Mädler et al. [13]. In Fig. 12(a), the area

enclosed by the temperature curve and the axes reflects the temperature-time

history, i.e., high-temperature residence time. Hence, the sequence of T4 <

T5 < T1 < T2 < T3 can be obtained if these five temperature profiles are sorted

according to high-temperature residence time.

Figure 12(b) illustrates the time evolution of the normalized number of TiO2

molecules under five different temperature profiles. For comparison, the re-

sults of Case 4 in which T is controlled to 2500 K in the whole 6000 ps simu-

lation is also plotted in Fig. 12(b). For all cases shown in Fig. 12(b), nTiO2

achieves its maximum value during 1000 ps–2000 ps, with ∼40% of Ti element

from TTIP being converted to TiO2 molecules. After then, the trend of nTiO2

becomes different from each other, depending on the temperature profile being
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Figure 12: Five temperature profiles T1, T2, T3, T4 and T5 that are imposed for simulation

Cases 7, 8, 9, 10 and 11, respectively (a); Normalized number of TiO2 molecules (b) and

TimOxCyHz (m ≥ 4) species with different temperature profiles T1 – T5 being imposed (i.e.,

Cases 7, 8, 9, 10, 11) during simulation versus time. The grey curves in (b) and (c) represent

the results obtained at T = 2500 K (i.e., Case 4). The normalization is performed in the way

that n represents the proportion of Ti element existing in TiO2 and in TimOxCyHz (m ≥ 4).
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imposed for simulation. Among the five imposed temperature profiles, nTiO2

obtained with T4 profile sees the most significant reduction versus time, while

nTiO2
obtained with T4 profile sees the most insignificant decrease against time.

By contrast, almost no decline of nTiO2
is observed for Case 4, in which the

temperature is kept at 2500 K through entire 6000 ps simulation. Figure 12(c)

suggests that the amount of TimOxCyHz (m ≥ 4) species increases with de-

creasing high-temperature residence time. T4 profile corresponds to the short-

est high-temperature residence time yet sees the most significant formation of

TimOxCyHz species. This can be explained as the relatively low tempera-

ture after 1000 ps promotes the condensation process of TiO2 vapors formed

before ∼1000 ps, because the saturated vapor pressure of TiO2 decreases with

decreasing temperature. Condensation of TiO2 vapors leads to formation of

TimOxCyHz species, as the decrease of TiO2 shown in Fig. 12(b) and the

increase of TimOxCyHz species shown in Fig. 12(c) echo each other.

Since Fig. 12(c) indicates significantly promoted formation of TimOxCyHz

(m ≥ 4) species with decreased high-temperature residence time, a closer ex-

aminazation was then taken on these incipient Ti-containing clusters under var-

ious temperature profiles. Table 4 lists the chemical formulas of TimOxCyHz

(m > 4) species that have been formed at the end of 6000 ps simulation of

TTIP130 reacting with 2340 O2 molecules under different temperature profiles.

The largest species in terms of the number of Ti atoms and O atoms listed in

Table 4 is Ti20O47C3H16, which is obtained with the shortest high-temperature

residence time being imposed in simulation, i.e., T4 temperature profile. The

average O/Ti ratio and C/Ti ratio of the incipient Ti-containing clusters ob-

tained with different high-temperature residence time are also calculated and

listed in Table 4. The average O/Ti ratio of TimOxCyHz (m ≥ 4) species

is 1.18 for Case 4, which is slightly higher than the value calculated for Case

3, i.e., TTIP130 pyrolysis at 2500 K without O2 addition (O/Ti = 0.91, see

Table 3). The amount of TimOxCyHz (m ≥ 4) species in both Case 3 and

Case 4 are rather few, as Ti-O bonds are not stable at such high temperature.

For cases in which cooling stage are imposed, the average O/Ti ratio of the
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Table 4: TimOxCyHz (m,x, y, z ∈ N,m ≥ 4) species formed at the end of 6000 ps simulation of

TTIP130 reacting with 2340 O2 molecules under different temperature profiles. The averaged

C/Ti ratio and O/Ti ratio of the TimOxCyHz are listed.

T profile TimOxCyHz (m ≥ 4) C/Ti O/Ti

T = 2500 K Ti6O8H, Ti4O7H, Ti4O5H, Ti4O5, 0.00 1.18

(Case 4) Ti4O4(5)1

T1 (Case 7) Ti10O22C2H6, Ti10O17CH3, Ti8O14H7, 0.09 1.89

Ti7O15CH4, Ti7O12H2, Ti6O15CH7,

Ti4O6H3, Ti4O5H2

T2 (Case 8) Ti9O19C3H5, Ti7O12H3, Ti7O10H2, 0.16 1.88

Ti6O12C2, Ti6O11H5, Ti6O9H3,

Ti5O13C2H2, Ti4O10CH5, Ti4O9CH2,

Ti4O4

T3 (Case 9) Ti5O7C, Ti4O7H3, Ti4O6H2, Ti4O5H2 0.00 1.18

T4 (Case 10) Ti20O47C3H16, Ti11O24CH6, Ti11O20CH5, 0.14 2.26

Ti9O24C2H5, Ti9O20CH10, Ti8O22C4H5,

Ti7O14CH7, Ti6O19C3H4, Ti6O16CH8,

Ti5O12H8, Ti5O9H3, Ti5O8H, Ti4O5H2

T5 (Case 11) Ti15O30C2H12, Ti11O26CH8, Ti11O22CH5, 0.06 1.47

Ti8O22C3H5, Ti7O20C2H7, Ti5O14CH3,

Ti5O11H5, Ti4O11CH2, Ti4O10H6, Ti4O7H2

1 5 in () represents there are 5 Ti4O4. The quantity of all other species in the table is 1.
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TimOxCyHz (m ≥ 4) species obtained at the end of simulation can reach some

value ≈ 2. This observation is consistent with Figs. 12(b) and 12(c), which

show that shorter high-temperature residence time can promote the formation

of TimOxCyHz (m ≥ 4) species by promoting the condensation of TiO2 va-

pors. The average C/Ti ratio of TimOxCyHz (m ≥ 4) species provided in

Table 4 can be used to measure the amount of carbon impurities in these in-

cipient Ti-containing clusters under different temperature profiles. Generally,

longer high-temperature residence time can reduce the hydrocarbon impurities

in TimOxCyHz (m ≥ 4) species (see Case 4 and Case 9, where C/Ti = 0.0) as

higher temperatures can effectively promote the break of C-O bonds. However,

higher temperatures can also impede the formation of Ti-O bonds. This indi-

cates the optimal temperature profile needs to determined in order to obtain

a relatively high production rate of TiO2 nanoparticle as well as relatively low

carbon impurities.

4. Conclusions

In this work, we studied the process of TTIP130 precursor droplet conver-

sion to incipient Ti-containing clusters with or without gaseous O2 molecules

at temperatures ranging from 1000 K to 2500 K using ReaxFF reactive molecu-

lar dynamics simulation. A new Ti/C/H/O ReaxFF force field was employed.

Based on the simulation results, key intermediate titanium species are identified;

The initial decomposition pathway of TTIP molecules and the growth pathway

of incipient Ti-containing clusters are scrutinized. Eleven simulation cases with

different conditions are designed to investigate the effect of temperature, O2

concentration and high-temperature residence time on the conversion of TTIP

precursors to incipient titanium clusters. Main conclusions from this study can

be summarized as follows:

(1) Thermal decomposition of TTIP is mainly initiated by the break of Ti-O

bond in TTIP, followed by C-O bond breaking at temperatures in the range

of 1500 K to 2500 K. Comparing the time evolution of TiOxCyHz , Ti2OxCyHz
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and TimOxCyHz (x, y, z,m ∈ N,m > 2) species of TTIP130 pyrolysis at 1500 K,

2000 K and 2500 K suggests that high temperature does not necessarily promote

the formation of Ti-containing clusters, because the newly formed Ti-O bonds

in Ti2OxCyHz species are less stable at high temperatures.

(2) For pyrolysis of TTIP130 at temperatures ranging from 1500 K to 2500 K,

Ti2OxCyHz (x, y, z ∈ N) species are found to appear earlier than TiO2 molecules

and have much higher number concentration than TiO2. In contrast, with 2340

gaseous O2 molecules being introduced, the number of TiO2 molecules increases

significantly and TiO2 is formed earlier than Ti2OxCyHz species. By analyz-

ing the time evolution of Ti-O bonds in the simulation system, it is suggested

that O2 molecules can promote the breakup of original Ti-O bonds in TTIP

molecules, and O atoms in O2 will replace the original O atoms in TTIP to

form bond with Ti atoms. In addition, the amount of TiO2 is found to increase

with increasing concentration of gaseous O2.

(3) By comparing the results obtained with five different temperature profiles

in the range of 1000 K – 2500 K being imposed during simulations of TTIP130

reacting with 2340 O2 molecules (i.e., equivalance ratio = 1), it is suggested that

reducing high-temperature residence time facilitates the formation of incipient

Ti-containing clusters by promoting the condensation process of TiO2 vapors,

as the saturated vapor pressure of TiO2 declines with decreasing temperature.

(4) Ti, TiO, TiOH and Ti(OH)2 are found to be major titanium intermediate

species during pyrolysis of TTIP at temperatures higher than 2000 K, while TiO

and TiO2 are identified as two dominant titanium species during TTIP130 react-

ing with 2340 gaseous O2 molecules at 2500 K. However, Ti(OH)4, which was

generally considered to be the major Ti-containing intermediate species in the

TTIP convertion to TiO2, is hardly observed based on our simulations, suggest-

ing the conversion mechanism of TTIP to TiO2 vapors needs to be reconsidered

at least for high-temperature regime.

(5) Incipient Ti-containing clusters grow up by forming Ti-O bond with

TiOxCyHz species or with another titanium cluster, i.e., TimOxCyHz (x, y, z,m ∈

N,m ≥ 2), followed by continuous breaking of Ti-O bonds or C-O bonds to re-
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lease hydrocarbon moieties such as C3H7O and C3H6, etc. In addition, Ti4O4

is identified to be a major building block of incipient Ti-containing clusters, as

its number is significantly higher than other TimOxCyHz (m ≥ 4) species.
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