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Abstract

Titania is the dominant white pigment and photocatalytic material, a key component of sunscreens
and has promising applications in photovoltaics and sensors of organic vapors. The growth of
TiO, nanoparticles by sintering, the critical step during their large scale manufacture and
processing, is elucidated and quantified by molecular dynamics. Highly mobile ions from the
particle surface fill in the initially concave space between nanoparticles (surface diffusion)
forming the final, fully-coalesced, spherical-like particle with minimal displacement of inner Ti
and O ions (grain boundary diffusion) revealing also the significance and sequence of these two
sintering mechanisms of TiO,. A sintering rate for TiO, nanoparticles is extracted that is much
faster than that in the literature but nicely converges to it for increasing particle size.

Keywords
nanotechnology; aerosol science; solid state; surface diffusion

1. Introduction

Titania (TiO,) nanoparticles have many attractive applications in photovoltaic! and
photocatalytic? processes as well as chemo-resistive gas sensors3 and sunscreens®, while
possible health effects of these nanoparticles are investigated®. The performance of TiO,
nanoparticles depends considerably on their size and composition which are determined by
their sintering rate during synthesis and/or post-processing. The sintering rate determines the
growth rate of nanoparticles and is crucial for design of their gas-phase synthesis with
controlled size, structure, composition and eventual performance in a number of
applications®.

Most studies of sintering during synthesis of nanoparticles extract effective rather than
intrinsic sintering rates of TiO,”-11. In contrast, Seto et a/12 have proposed a sintering rate
for TiO, and validated it by accounting for the detailed fluid mechanics of their hot wall
reactor forming rather large TiO; nanoparticles (aj, = 10 — 100 nm). Little is known,
however, for the sintering rate of small TiO; nanoparticles (g < 10 nm) as it is difficult to
reliably measure it.

On the other hand molecular dynamics (MD) simulations have been used to study the
sintering to full coalescence of metallic and metalloid nanoparticles!3:14 though much less
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has been done for ceramic ones as their force fields and potentials are difficult to determine.
Nevertheless Collins et a/1® identified three stages of TiO, sintering (contact, locking and
fusion) using the force field of Matsui and Akaogil®. Similarly, Koparde and Cummings’
investigated the sintering of two TiO, nanoparticles up to #= 0.5 ns by tracking the
shrinkage of the center-to-center distance and the growth of the sintering neck. They
compared MD with phenomenological sintering models, investigated the melting of TiO»
nanoparticles® and found that the transformation size of anatase to rutile titania was only
1.65 nm at 7= 1473 K which was further decreased for increasing 73°.

The above MD simulations for TiO, sintering have reached up to no more than 1 ns
residence time, a duration that is not sufficient for complete coalescence of the considered
particles. So most of the surface area reduction of such small particles has taken place by
adhesion (contact) and neck growth (locking) that limited the detailed understanding of
sintering mechanisms and, most importantly, the extraction of quantitative sintering rates
that are needed in systematic process design for manufacturing nanoparticles.

Here, the complete sintering of rutile TiO5 nanoparticles is investigated by accelerated
MD?20 from adhesion and neck growth to finally full coalescence up to several hundred
nanoseconds. This allows determining the sintering rate of very small TiO, nanoparticles (aj
< 5 nm) by monitoring the evolution of their surface area and comparing it to that of larger
particles!221, Here the sintering mechanism of TiO, is unraveled and its rate of sintering or
coalescence is quantified, bridging the gap of knowledge from a few molecules to several
nanometers, the key size range for nanoparticle properties and performance.

2.1 Molecular Dynamics

The Buckingham-type potential, U, of Matsui and Akaogi® is used here as it reproduces
best the TiO, crystal structures of rutile, anatase and brookite22:

ij 11 4i4j
U (I’[j) jexp ( BU) r k; (1)
ij

where 7;;is the distance between the centers of ions 7and jwith their charges g;and g,
respectively. The constants Ay, Bjand C;;depend on the Ti or O ion combination. The
performance of this force field was investigated for simulation of the (110) surface of rutile
TiO, and, even though it was developed for bulk TiOs, quite good agreement was found in
terms of bond lengths23. This potential also gives similar results to computationally more
demanding polarizable force fields24. Comparison of the above force field with density
functional theory (DFT) showed good agreement for clusters larger than TigO15%°.

Here, charge neutral, spherical particles with diameter a), o= 2 — 4 nm have been cut out
from a perfect rutile TiO, crystal made of multiples of |ts unit cell?6, These particles were
equilibrated by temperature rescaling for 100 ps with a timestep of 1 fs?2. The quality of
equilibration and energy conservation has been tested by integration in the microcanonical
ensemble (NVE) for additional 100 ps. Two particles with different initial ion velocity
distribution at each temperature and diameter have been prepared. These have been
combined to one simulation with a minimum separation of 0.3 nm between the closest ion
centers of the two particles. For each diameter and temperature, four simulations were
carried out by initially turning the second particle by 0, 90, 180 and 270°. Sintering
simulations have been carried out in the microcanonical (NVE, constant energy) and NVE
combined with velocity scaling every 103 timesteps of 1 or 3 fs22 (conserved temperature) to
minimize the influence of temperature control on the dynamics.

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2013 May 30.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Buesser et al.

Page 3

2.2 Surface Area Analysis

The particle surface area is determined using the MSMS 6.2.1 program?’ which calculates
the surface areas of overlapping spheres (here, corresponding to Ti or O ions) numerically
and analytically. The radius of the probing sphere was 2.25 A corresponding to that of a N
molecule while the radii of the Ti and O ions are their van der Waals radii, 1.96 and 1.52 A,
respectively?8. This corresponds to the standard measurement of particle surface area by N
adsorption?®,

2.3 GPU Acceleration

The simulations have been run on a common graphics card (NVIDIA GeForce GTX 295)
and a desktop workstation (Dell Precision T3400, Ubuntu 9.10, CUDA Version 2.3). Some
issues between central (CPU) and graphics processing unit (GPU) simulations have to be
considered3?, especially for single precision floating point operations to achieve quite good
energy conservation3l. The open source MD code HOOMD-blue 0.8.232 was modified to
simulate the TiO, pairwise potential of Matsui and Akaogi®. The original code running on
one GPU attains a performance of around 34 CPUs in parallel on a distributed memory
cluster for Lennard-Jones liquids with 7, = 3532, There, significant computational time was
used on updating the neighbor lists of the ions, but here to account for the long range
interactions of the TiO, force field all ions have been included in the neighbor lists and
therefore it was not updated during the simulations. The implemented TiO, potentials have
been optimized with single precision runtime math operations and benchmarking the code
for different block sizes33. This resulted in a speedup of 114 compared to LAMMPS34 on a
single CPU on the same machine for sintering of two TiO; particles with dj, o= 3 nm (2730
ions). The required memory for the real and “ghost” ions limited the sintering simulations to
particles with initial diameters between 5 and 6 nm on the utilized GPU chip.

2.4 Characteristic sintering time

The characteristic sintering time, , is the time needed for the sinter neck diameter to reach
83 % of the initial primary particle diameter: //a), o= 0.83%L. This corresponds to a 67 %
reduction of excess surface area over that of a volume-equivalent fully coalesced sphere.
This is close to the reduction of excess surface area of (1 - 1/¢) = 63 % by exponential
models3® with constant ©36 that are routinely used in process design for nanoparticle
synthesis!L.

The characteristic sintering time of Kobata er a/.?! is based on a surface diffusion neck
growth model3’:

258'000
T=7.44 x 10"°d)T x exp[ )

where dj, is the primary particle diameter (m) and 7 the temperature (K). Using this
equation, Kobata et a/2! predicted a final primary particle size of 50 nm in reasonable
agreement with experimental data. Based on a grain boundary diffusion neck growth
model3’, Seto et a/12 proposed also:

258'000
7=9.75 x 10°d, T x exp( )

and simulated the evolution of the particle surface area by accounting for the flow field in
good agreement with the measured TiO, primary particle diameters of TiO, aggregates (d),
=10 - 100 nm) made in hot-wall aerosol reactors at 7= 300 — 1673 K.
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3. Results and Discussion

3.1 Evolution of nanoparticle surface area by sintering

Figure 1 shows the evolution of the surface area, 4, of two TiO; nanoparticles (dp, o= 3 nm)
normalized by their initial surface area, a, during sintering by MD in a microcanonical
(NVE) ensemble (constant energy, black line) with a time step of 1 fs and conserved
temperature (NVE with velocity rescaling, red line) with a time step of 3 fs at initial 7p=
1800 K where both simulations result in a similar surface area evolution. The insets in Fig. 1
show the two TiO, nanoparticles (Ti: green and O: red) at #= 0, 0.03, 3 and 150 ns along
with the predictions of a common phenomenological model3® (green line) for two
characteristic sintering times, <.

At the beginning (107 — 1073 ns), the two particles approach each other and slightly rotate
to adjust their lattice planes which has also been observed for example for gold
nanoparticles by MD14 and experimentally38 and might be an indication of an oriented
attachment mechanism?3? for TiO, where highly mobile particles translate and rotate to find
energetically favorable contact points. Then their total surface area might even increase
slightly by deformation arising by their ion interactions. Shortly after, sintering starts
reducing the surface area in three stages!®: First by about ~6 — 7 % through adhesion and
initial neck growth18 of the two particles at #= 1073 — 0.01 ns. Second the area is reduced by
another 1 — 2 % at 0.01 — 1 ns forming rather oval structures where the sinter neck becomes
comparable to the particle diameter and, finally the third stage at about 1 — 100 ns, where the
alapdecreases slowly by about 10 % to full coalescence by forming a compact, spherical-
like particle.

This stage-wise evolution of sintering has been observed also for micron-sized Cu, Ag and
U0, particles?0, by boundary integral simulations for viscous sintering of amorphous
particles*! and for MD simulation of iron cluster coalescence®2. It is consistent also with
previous MD of TiO,8 for two rutile (dp,0=3 nm) particles (Fig. 1: blue line) at 7= 1473
K (NVE) where after the initial peak of surface area by particle deformation, the first stage
of adhesion leads to a similar area reduction. This first stage by Koparde and Cummings!8
occurs later than here because their initial particle separation was 1 nm instead of 0.3 nm
here.

Figure 1 shows also that the slope of the final sintering stage is comparable to that (solid
green line) of the phenomenological model35 with the characteristic sintering time of
equation (2). Early deviations between the two simulations are caused by the surface area
loss by contact and adhesion during the first sintering stage that is not accounted for by that
model3® that underpredicts the surface area evolution by over an order of magnitude
indicating that the employed sintering rate of equation (2) is too slow.

Figure 2 shows the evolution of the particle temperature for the simulation of Fig. 1 for
constant energy integration (NVE, black line) and conserved temperature (red line). The
temperature increases by A 7= 300 K from 1073 to 100 ns by the conversion of excess
surface energy to kinetic energy (NVE) whereas it remains around 7= 1800 K for the
conserved temperature simulation (red line). Although temperature control can influence ion
dynamics, there is little difference between the two calculations with respect to particle
surface area dynamics (Fig. 1). To compare the present MD data with the literature and
address realistic systems where in most cases the excess heat is removed by colliding gas
molecules*2, all subsequent simulations are carried out at conserved temperature.
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3.2 Sintering mechanism of TiO,

The ion mobility and the intrinsic mechanism of TiO, nanoparticle sintering are elucidated
by coloring the Ti and O ions initially on the particle surface yellow and blue, respectively,
while the bulk ones, green and red, as in Fig. 1. Figure 3 shows snapshots of these
nanoparticle cross-sections at a) £=0, b) 0.03 ns, ¢) 3 ns, d) 30 ns, ) 100 ns and f) 150 ns.
At t=0.03 ns, the particles have formed a sinter neck mostly by adhesion without much ion
relocation leading to the rather large area reduction of the first sintering stage (Fig. 1). Later
on, close to the end of the second sintering stage (#= 3 ns), the sinter neck diameter has been
increased mostly by surface ions (yellow and blue) that have moved over the particle surface
and found energetically favorable positions that fit the local lattice (surface diffusion, filled
arrows) filling the initially concave region between nanoparticles (Fig. 3c). This has led
some of the previously bulk ions to emerge to the particle surface (open arrows) where they
increase their mobility.

During the last sintering stage (#= 30 ns, Fig. 3d), the two particles have transformed into an
oval structured particle. The concave region between nanoparticles has been filled
completely by initial surface Ti/O ions during sintering by surface diffusion. In addition, the
initial surface ions forming a yellow/blue boundary or zone between coalescing particles
(Fig. 3b) have moved away into the initially concave region between particles (Fig. 3e),
partially contributing to neck growth during sintering by grain boundary diffusion. Most of
the Ti/O ions initially in the core of the nanoparticles are still recognizable and these cores
have been deformed slightly by plastic flow*3.

Finally at £= 150 ns (Fig. 3f), the particles have fully coalesced into a compact, spherical-
like structure. The layer of yellow/blue surface ions at the initial outer edges of the 2-
nanoparticles has become very thin or even disappeared at some places (filled arrows). In
the core of the fully coalesced particle, there are still two regions of only green/red ions
indicating that during sintering the core Ti/O ions experience little net movement. The
surface ions in-between the original nanoparticles (Fig. 3b) have been “squeezed” out (no
yellow Ti there) into the formerly concave space between the initial particles (open arrows).
More green/red bulk ions have emerged to the surface (filled arrows) as the initial surface
ions (yellow/blue) have diffused towards the neck region. These green/red ions have
increased mobility upon reaching the surface and spread all over it and even on top of the
neck region. It is worth noting, however, that mostly red (oxygen) ions are there rather than
green (titanium) consistent with the higher mobility of O than Ti ions*4.

These results reveal that sintering of TiO, nanoparticles is caused mainly by mobile surface
ions while bulk ones remain largely in their place. Surface diffusion appears to be the
dominant mechanism during TiO, sintering at these particle sizes and temperatures, in
agreement with literature21:4546_ This is not unreasonable given the high mobility of
nanoparticle surface ions, a signature property of nanomaterials. It should be noted,
however, that part of sintering takes place also by grain boundary diffusion; a mechanism
that should become more important with increasing particle size and number of grains
especially in compacted nanoparticle structures with limited free surface.

3.3 Influence of initial primary particle diameter and process temperature

Figure 4 shows the evolution of normalized surface area of two particles at 1800 K with
initial particle diameter of a), o= 2 (solid line), 2.5 (dashed), 3 (dash-dot), 3.5 (dash-double-
dot) and 4 nm (dotted) as average of 4 simulations with different initial ion positions
(supplementary Fig. SI2). For aj, o= 2 nm (solid line) the surface area drops quickly by rapid
coalescence as for two liquid droplets (supplementary Fig. SI1). Increasing the initial
particle diameter leads to slower surface area reduction by neck growth (second sintering
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stage, Fig. 1) consistent with experimental observations12. The final coalescence stage
seems to have a similar slope in the logarithmic time for particle diameters, in agreement
with analytical models*’. The characteristic sintering time, <, is extracted after the excess
surface area of the particles (over that of the fully coalesced ones, ar,) has decreased by 67
% (right axis, horizontal line). This corresponds to &/a,= 0.86 or a sintering neck diameter
of 83 % of the initial primary particle diameter??.

Figure 5 shows these < (Fig. 4) obtained by MD simulations at a) 1800 K (circles) and b)
1900 K (squares) and 2000 K (triangles) along with that from equation (2) (solid lines) and
equation (3) (dashed lines) as function of initial particle diameter dj, o with decreasing line
thickness for increasing temperature. For 1800 K and d), o< 3.5 nm (Fig. 5a), the =
calculated here by MD are significantly lower than those predicted by equations (2) and (3).
Nevertheless with increasing initial size (), o> 3.5 nm), the by MD asymptotically
converge in-between those predicted by equations (2) and (3) that had been developed for
larger particles (a), o> 10 nm) confirming that MD nicely reproduces these literature results.
Higher temperatures (Fig. 5b) lead to faster sintering and shorter <, again between those of
equations (2) and (3). The dotted lines in Fig. 5 show a nonlinear fit to the MD data“8:

3.76
258000 34%x107° T
_ 16 4 .
T,0=3.7%10 dexexp[ RT [1—( a) 4]00) )] (4

with djin (m), 7in (K) and Rin (J K™t mol™1).

Figure 6 shows the < (circles) obtained by MD (supplementary Fig. SI3) along with that of
equations (2) (solid line) and (3) (dashed line) as function of temperature for dj, o= 2.5 nm
as well as the prediction of equations (4) (dotted line). The MD results, however, are for
these conditions closer to those from equation (3) by Seto et a/.12 and the deviation at higher
temperatures is attributed to the approaching of the melting point of TiO,. The MD data in
Fig. 6 (symbols) are matched well by equation (4) (dotted line). As the these data were not
used to develop equation (4) as in Fig. 5, this indicates that this equation is able to predict
the slower sintering rates (increasing t) for decreasing temperature and could be used in
design of processes for synthesis of small TiO, nanoparticles. So when equation (4) is used
in the common phenomenological model3® to describe the nanoparticle surface area during
sintering with dj, =3 nm and 7=1800 K (Fig. 1: green broken line), this model comes
much closer to the final MD predictions even though it does not closely follow the MD-
evolution of surface area.

The shorter < or faster sintering of smaller nanoparticles given by the MD-derived equation
(4) is another manifestation of material properties being different in the nanoscale from the
corresponding bulk ones. The higher percentage of surface ions in these particles from 10
nm down to 1 nm, is the most likely reason for their increased sintering rates shown in Fig.
5. This is in excellent agreement with Seto ef a/.12 who had concluded that nanoeffects on
sintering must occur for dj, smaller than 10 nm because no deviation was observed for larger
particles. The present MD simulations reveal that indeed this happens for @), <4 nm.

4. Conclusions

Molecular dynamics (MD) simulations elucidate the sintering of small (2 — 4 nm) rutile
TiO5 nanoparticles to complete or full coalescence at 1500 — 2000 K. lons on the particle
surface exhibited higher net displacement than bulk ones revealing that surface diffusion is
the dominant sintering mechanism of TiO, nanoparticles. Sintering by grain boundary
diffusion takes place to a lesser extent but should increase for larger nanoparticles or for
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compacted ones that limit the displacement of surface ions. This might explain conflicting
literature on the dominance of surface or grain boundary diffusion during TiO, sintering.

The sintering rate was determined quantitatively by monitoring the evolution of the surface
area of two coalescing particles at various initial sizes. Lower temperatures or larger initial
particle diameters led to longer sintering. For the smallest particle diameters, the MD-
obtained sintering rates were smaller than that predicted by theory developed for larger
particles. An expression for the sintering rate of rutile TiO, nanoparticles has been extracted
from MD. With increasing particle size and decreasing temperature, this expression
converges nicely to the literature ones for sintering of larger particles. This MD-derived
sintering rate facilitates the use of fundamentally-based phenomenological models in design
of processes for large scale manufacture and processing of nanoparticles®®.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Evolution of normalized surface area of two sintering TiO; nanoparticles (dp, o= 3 nm) by
MD for constant energy (black line) and conserved temperature (red line) integration at 7=
1800 K along with the MD simulations?8 at 1473 K (blue line, constant energy) and the
predictions of a phenomenological model3® with characteristic sintering times from equation
2 (green solid line) by Kobata et a/?! and equation 4 (green broken line) developed here.
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Figure 2.
Evolution of temperature of two sintering TiO, nanoparticles (d), o= 3 nm) for constant
energy (black line) and conserved temperature (red line) integration at 1800 K.
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Figure 3.

Snapshots of cross-sections of the particles in Fig. 1 with Ti and O ions initially (£=0 ns)
colored green and red (bulk ions) or yellow and blue (surface ions), respectively, at a) =0,
b) 0.03 ns, ¢) 3 ns, d) 30 ns, €) 100 ns and f)150 ns.
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Figure 4.
The evolution of total surface area of equally sized rutile particles with various initial

diameters, d), 5, at 1800 K. The thin horizontal line where the excess surface area (right axis)

has decreased by 67% defines the characteristic sintering time, <, for each particle size.
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Figure 5.
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The characteristic sintering time, <, obtained from Fig. 4 along with that of Kobata er a/?1
(solid lines) and Seto et a/12 (dashed lines) as function of initial primary particle diameter,
dp,0 ata) 7=1800 K (circles) and b) 1900 K (squares) and 2000 K (triangles). The MD

simulations are quantified by equation 4 (dotted line).
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Figure 6.

The characteristic sintering time obtained by the present MD simulations (circles) along
with those of equations 2 (solid line), 3 (dashed line) and 4 (dotted line) as function of
temperature for dj, o= 2.5 nm. Increasing the temperature leads to shorter characteristic
sintering times and therefore faster sintering in agreement with experimental observations.
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Table 1

The parameter of the classic pairwise potentials for TiO, polymorphsl®. The constant charges for titanium and
oxygen are g7;7=2.196 and gp=—1.098.

ion-ion  Ajj [keal/mol]l By [A]  C;j [keal A® mol™]

Ti-Ti 7.177%x10° 0.154 1.210%10?
Ti-O 3.911x10° 0.194 2.904x102
0-0 2.717x105 0.234 6.969x102
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