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Abstract

A rotating stagnation plate is widely used as a substrate and to provide a cooling
mechanism in a premixed stagnation �ame synthesis. The collection of particles
from the rotating plate could be done in two ways: the conventional interval parti-
cle collection (IPC) method and a continuous particle collection (CPC). The CPC
approach was achieved by a simple modi�cation to the rotating plate to minimise
further exposure of the deposited particles to the �ame during synthesis. The effects
of the deposition time and the rotation speed on the properties of titanium diox-
ide (TiO2) particles are investigated experimentally. A two-cycle thermogravimetric
analysis and mass spectrometry is proposed as a simple way to quantify the amounts
of the oxygen vacancy (OV) and the organic component (OC) in TiO2 particles. Fur-
ther, powder X-ray diffraction (XRD) analysis is used to determine the crystallinity
and phase composition of the prepared samples. For IPC, it was found that the prop-
erties of the collected samples are dependent on the deposition time. This creates an
undesirable correlation between properties and synthesis yield. On the other hand,
CPC approach allows for a continuous synthesis in which the particle properties are
invariant with respect to the synthesis yield. The tunability of the particle properties
is still achievable by controlling the rotation speed in the CPC. The CPC method thus
provides a practical way to prepare �ame-synthesised metal oxide nanoparticles for
applications that require a large amount of samples such as catalysis.

Highlights

• Continuous collection method is introduced for stagnation �ame synthesis

• Continuous and interval collection methods are evaluated systematically

• Oxygen vacancies and crystallinity are used to assess the collection effects

• Continuous method allows for a longer operation while preserving particle
properties
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1 Introduction

Stagnation �ames have been widely used for fundamental combustion studies due to the
simple geometry and the low-dimensional �ow �eld [15]. The divergence stabilised stag-
nation �ames (DSSFs), in particular, have been used to study the formation of metal ox-
ide nanoparticles, including gas-phase mechanisms, gas-to-particle transition, and particle
growth dynamics [2, 6, 10].

Wang and coworkers �rst demonstrated the concept of the �ame stabilised on a rotat-
ing surface (FSRS) con�guration to prepare TiO2 thin �lms for dye sensitised solar cells
(DSSCs) and gas sensors [19–21]. The rotation of the stagnation surface cools the sub-
strates and minimise further particle growth/sintering once the particles are collected. The
high temperature and short residence time typical in DSSFs result in the formation of
highly crystalline nanoparticles with small (< 15 nm) and uniform size distributions. The
crystal phase composition was shown to be tunable by controlling the �ame equivalence
ratio [9]. More recent studies also demonstrated that the short residence time facilitated
the formation of metastable phases and oxygen de�cient TiO2 [11, 13].

The unique properties of the DSSF-made metal oxides make them candidates to be ex-
plored for catalysis [22]. For example, the surface oxygen vacancies of TiO2 has been
shown to affect the strong metal-support interaction (SMSI) when used as a catalyst sup-
port [4, 7]. Thus, the ability to tune the amount of oxygen vacancies is important. For
TiO2, this is often associated qualitatively with the blue coloration of the powder [1, 18].
However, systematic studies on the effects of �ame conditions on oxygen vacancies in
TiO2 are lacking. This is likely because the quantitative analysis of the oxygen vacancy is
challenging [14].

A low synthesis yield has been one of the challenges with laboratory-scale DSSF syn-
thesis, often making it impractical for applications requiring a relatively large amount of
samples. This is partly due to the non-complete conversion of precursor to particle as a
result of the short residence time in the �ame.

In addition, a short deposition time is often required in order to obtain particles with
certain desired properties. The proximity of the stagnation surface to the �ame in DSSFs
means that the deposited particles are continually exposed to a high temperature, resulting
in further transformations. This leads to non-uniform distributions of particles collected
on the stagnation surface. While the effects of the stagnation temperature on the �ame
structure and the particle growth dynamics have been investigated before [5, 10], its effects
on post-deposition particle growth/transformation are often assumed to be negligible.

Theoretically, this undesirable effect is minimised in FSRS by convective cooling of the
stagnation surface through the plate rotation. Additional cooling mechanism such as using
gas jets on the opposite side of the rotating plate is often employed [19]. However, the
effects of the cooling mechanisms and the deposition time on the particle properties have
not been studied systematically. For example, oxygen vacancies in TiO2 is easily oxidised
during the deposition using the FSRS. This is qualitatively shown by the color change
from dark blue to white as deposition time increases in our previous work [23]. The
formation of some metastable phases also require a very short residence time in order to
minimise further exposure to the �ame [11]. In order to achieve this, the �ame has to be
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stopped periodically to collect the particles from the rotating surface, effectively running
it as a batch reactor.

The purpose of this paperis to demonstrate the concept of a continuous particle collec-
tion (CPC) approach to improve the synthesis yield, reproducibility, and tunability of the
stagnation �ame synthesis with a rotating substrate. This is in contrast to the interval
particle collection (IPC) approach conventionally used with such a system. The effects of
the collection approach and the key operating parameters are assessed using a two-cycle
TGA-MS method. The method provides a simple way to estimate the amounts of the
oxygen vacancy and the organic component in the products. Further, a simple peak �tting
of the powder XRD data is used to assess the phase composition and the crystallinity.

2 Experimental methods

2.1 Flame synthesis

The stagnation �ame synthesis system used in this work is similar to those reported else-
where [13, 19, 20]. A premixed mixture is issued from a downward facing aerodynamic
nozzle with a total volumetric �ow rate of 28 slpm. The mixture consists of 6% C2H4,
15% O2, and 79% Ar, which corresponds to an equivalence ratio (f ) of 1.2. The nozzle
has an exit diameter of 14 mm, resulting in an exit velocity of 436 cm/s at 150� C. The
premixed jet from the nozzle impinges on a stagnation surface located at 10 mm from
the nozzle. Upon ignition, a stable �at �ame is formed, approximately 3 mm above the
stagnation surface. Titanium tetraisopropoxide (TTIP,� 97%, Sigma-Aldrich) is injected
into the unburned gas mixture with a syringe pump at 20 ml/h, corresponding to 900 ppm
Ti mole fraction. The gas line, precursor line, and burner surface are heated to 150� C
to prevent TTIP condensation. In order to ensure thermal equilibrium of the stagnation
surface, the undoped �ame is �rst run for 10 minutes before TTIP is injected. A shroud
�ow of 20 slpm N2 gas is used to stabilise and shield the jet �ow from the ambient air.

The stagnation surface consists of a stainless steel disk with 300 mm diameter and 6
mm thickness. The disk is attached to a motorised rotary stage (X-RSB060AD, Zaber
Technologies Inc.). The rotation axis is located at 100 mm from the burner centerline.
During the synthesis, the disk acts as a deposition substrate. The rotation provides some
convective cooling of the deposited TiO2 to prevent further sintering or oxidation. It is
further cooled by four compressed dry air (CDA) jets placed under the plate with a total
�owrate of 100 lpm.

2.2 Particle collection

Two approaches for particle collection are employed. These are illustrated in Fig. 1. The
�rst is termed theinterval particle collection (IPC)method, shown in Fig. 1(a). In this
method, the deposition is done over a speci�c period of time after which the experiment
is stopped,i.e. �ame extinguished, and the deposited particles collected from the rotating
disk. In order to maximise the convective cooling, the rotating disk is usually operated at
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Figure 1: Schematics of the �ame synthesis setup with (a) interval particle collection
(IPC) and (b) continuous particle collection (CPC) approaches.

a very high rotation speed, typically 100–300 rpm. Assuming the deposition area under
the �ame is 40 mm in diameter, this corresponds to approximately 10–50 ms of �ame
exposure per revolution. For a 5 minute deposition, this translates to approximately 19 s
of total �ame exposure (the total time in which any deposition area passes through the
�ame).

The second method is termed thecontinuous particle collection (CPC)method. This
is achieved by the addition of a scraper placed on the opposite side of the rotating disk
as shown in Fig. 1(b). The scraper is made of a �exible heat resistant sheet (0.25 mm
thickness, Nomex®, DuPont). The scraper continuously scrapes the freshly deposited
TiO2 which is then blown to the side and collected in a collector. The blower, made of
a 1/8 in stainless steel tube, delivers a small �ow of CDA (3.5 slpm) to cool and blow
the samples. In this method, the scraper introduces a signi�cant off-centered load to the
motor which limits the maximum rotation speed achievable. In this case, a rotation speed
of 0.1–1 rpm is used in this work for CPC. This corresponds to approximately 4–40 s of
�ame exposure per evolution.
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The samples discussed in this paper are labelled according to the collection approach,
plate rotation speed, and the deposition time used during the synthesis. For example,
`CPC-1rpm-30min' refers to the sample collected with the CPC method, using 1 rpm
plate rotation speed and 30 min deposition time.

2.3 Material characterisations

The thermal gravimetric analysis is performed with a thermobalance (TGA/DSC 2, Met-
tler Toledo). For each analysis, 40–50 mg of sample is used directly after synthesis. The
sample is compacted with a mortar and pestle as the collected powder was very light
and dif�cult to handle. A mass spectrometer (Hiden QGA, Hiden Analytical) is used to
monitor the CO2 concentration in the TGA ef�uent gases.

In order to elucidate the physical processes taking place during the heating, the weight
loss and the CO2 signal are monitored over a wide temperature range up to 800� C for a
selected sample. The sample is �rst �ushed at 40� C with 50 ml/min N2 for 30 min and
then 50 ml/min synthetic air for 60 min. Subsequently, the sample is heated to 800� C
at 5� C/min and then held for 30 min, followed by cooling to 40� C at -20� C/min under
50 ml/min N2.

For oxygen vacancy (OV) and organic component (OC) analysis, the weight loss and CO2

signal are monitored over two heating/cooling cycles. In between the cycles, the sample
is exposed to ambient air for 30 min to allow water readsorption. Each cycle consists of
�ve heating stages (A–E) over a temperature range of 40–400� C. The samples are �rst
heated to 120� C at 10� C/min under 50 ml/min N2 and held at this temperature for 30 min
(stage A). The method gas is then switched to 50 ml/min synthetic air for another 60 min
to remove the physically adsorbed water (stage B). The samples are subsequently heated
to 200� C at 5� C/min and held for 120 min (stage C). This is followed by further heating to
400� C at 5� C/min and 30 min isotherm (stage D). Finally, the samples are cooled to room
temperature at -20� C/min under 50 ml/min N2 (stage E).

Electron paramagnetic resonance (EPR) spectra are obtained with a JES FA200 spectrom-
eter (JEOL) operating at X-band frequency (8-10 GHz). The EPR spectra were recorded
using 100 kHz modulation frequency, 0.6 mT modulation amplitude, 0.03 s time constant,
4 min sweep time, at temperature of 123 K.

Powder X-ray diffraction (XRD) patterns of the collected samples are recorded with a
D8 Advance diffractometer (Bruker) with Cu Ka radiation (40 kV, 30 mA). The 2q scan
range is 10–80� with a step size of 0.03� and 0.7 s per step. Zero-background silicon
sample holders with 0.1 mm cavities are used. The peak �tting is performed using TOPAS
Academic (version 6) [3].

TEM images are obtained with a JEOL JEM-2100F operating at 200 keV. The particle
size distributions are measured manually from the TEM images with a MATLAB script
used in our previous work [12].
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3 Results and discussion

3.1 Oxygen vacancy and organic component

During the temperature ramp, three main physical processes affecting the sample weight
are expected to occur. These are (1) water desorption, (2) carbon oxidation, and (3) OV
oxidation. The �rst and second result in a weight loss while the third results in a weight
gain.

Figure 2(a) shows the TGA-MS results for a wide temperature scan up to 800� C. The
derivative plot shows two main negative peaks (weight loss) in 50–150 and 250–400� C
ranges. The �rst weight loss is associated with desorption of physically adsorbed water
which is consistent with other reports in the literature [17]. The second weight loss peak
is mainly attributed to the combustion of OC as indicated by the MS signal for CO2. The
OC combustion starts at temperature as low as 150� C and reaches a maximum at 335� C.
The MS signal shows three distinguishable peaks which likely correspond to different
chemical environments of carbon. In addition, chemically bound water desorption is also
expected to contribute to the mass loss up to 600� C. It generally occurs gradually over a
wide range of temperature [17]. This can be seen from the slight weight loss in 400–600� C
after OC combustion is complete.

No distinguishable weight gain can be inferred from Fig. 2(a) to indicate OV oxidation.
However, Fig. 2(b) shows the blue coloration disappears when the sample is held atT =
200� C (heating stage C) compared to when the sample is held atT = 120� C (heating stage
B). Similarly, the qualitative EPR spectra in Fig. 2(c) show marked changes between 120
and 200� C. As prepared and 120� C samples show a strong broad absorption with ag-
value of 1.94. This is often attributed to surface Ti3+ [16]. As the sample is heated up to
200� C, the broad absorption atg-value of 1.94 disappears and a narrow absorption atg-
value of 2.00 is observed, indicating lattice-embedded Ti3+. This coincides with the color
change of the sample from dark blue to grey. As the sample is further heated to 400� C, no
paramagnetic centres can be observed anymore and the sample turns from grey to white,
indicating carbon oxidation which is consistent with the MS signal in Fig. 2(a). Thus, the
EPR spectra suggest that OV oxidation mainly occurs between 120–200� C range which
overlaps with the other processes described above.

In order to estimate the OV amount, a two-cycle TGA-MS measurement is used. The
purpose is to separate the reversible processes (water desorptions, physcial and chemi-
cal) and the irreversible processes (OV oxidation and OC combustion). The reversible
processes are assumed to occur in both cycles of heating while the irreversible processes
occur only in the �rst cycle. For each cycle, the samples are heated toT = 120, 200, and
400� C followed by a period of isotherms. The temperature range is limited to 400� C as
it is suf�cient to complete the OV oxidation and OC combustion while minimising any
microstructural changes such as sintering and phase transformation which are known to
occur at higher temperatures.

Figure 3 shows the normalised weights and MS signals monitored during the two-cycle
TGA measurement for P25 sample. The sample temperature is shown in Fig. 3(a) with 5
heating stages labelled A–E. The weights of the sample at the different stages are averaged
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Figure 2: (a) Normalised weight, its derivative, and the MS signal from wide scan TGA
measurement up to 800� C, (b) digital photographs and (c) the qualitative EPR
spectra showing the changes in color and the paramagnetic centres during the
heating stages (CPC-1rpm-30min sample). The dotted vertical lines denote g-
values of 1.94 and 2.00.

over 24 minute period towards the end of the isotherm part of each stage. The average
weights are annotated accordingly in Fig. 3(a) for both cycles,e.g., w1B, w2B, w1C, etc. It
is noted that the sample weight increases during cooling (stage E) due to the reversible
water adsorption.

The MS signals in Fig. 3(b) show that the OC combustion occurs only in the �rst cycle (ir-
reversible). The CO2 release is detected in stages C and D. The amount of OC combusted
is assumed to be proportional to the cumulative MS signal for each stage,i.e. dC anddD.
The ratio of OC combusted in stages C and D is given byR. The step changes in the MS
signal between stages A to B and D to E indicate the switch of method gas between N2

and synthetic air.
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Figure 3: TGA and MS results for P25 during the heating stages denoted by the dotted
vertical lines: (a) The temperature and the normalised weights (against w2D).
The weights, w, at the different stages are averaged over 24 minute periods
denoted by the thick horizontal lines. (b) The MS signals for CO2 (m=z =
44) and the cumulative signal from the cycle 1 measurement. The cumulative
signals in stages C and D are denoted asdC anddD, respectively.

Assuming that carbon oxidation is the only irreversible process occuring in stage D, the
weight change due to OC oxidation,DwC, can be written as

DwC = ( R+ 1) [(w1C � w2C) � (w1D � w2D)] : (1)

The weight change due to OV oxidation,DwO, can be calculated as folows,

DwO = ( w1C � w2C) � (w1B � w2B) +
R

R+ 1
DwC: (2)

Subsequently, the OV concentration (the fraction of lattice oxygen replaced with vacan-
cies) is given by

OV (at. %)= DwO
MTiO2

MO2

; (3)
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