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A new application of on-line tandem differential mobility-particle mass analysis (DMA-APM) is used to
obtain the density distribution, detect the reaction evolution, and investigate the mechanism of porous
particle formation. The expected uncertainty of the density measurement is within 5%. The method
has several advantages over absorption methods such as BET in which pore model is required. The meth-
odology also enables a size resolved measurement to understand how particle porosity varies over a
given particle population. The DMA-APM method is materials independent, and can measure the density
even in a particle with inaccessible pores. In this paper we demonstrate the method during the synthesis
of mesoporous iron oxide and copper oxide. For example in the formation of iron oxide we found that
small particles (~50 nm) in the size distribution had a higher density (~2.6 g/cm?) relative to larger
130 nm particles with a measured density of 2.2 g/cm>. Syntheses at higher temperatures lead to high
density particles which were also less size sensitive.

Keywords:

Mobility analysis
Porosity measurement
Density measurement

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Nanoparticles are being explored for a wide range of applica-
tions including their use in medicine, electronics, biomaterials
and energy production. One important sub-class of nanomaterials
is porous particles which can possess very high surface/volume ra-
tio, and have application to drug delivery, absorbants or catalysts
[1]. For example, iron oxide is being considered as a vehicle for
drug delivery because its magnetic properties enable heating, di-
rected motion, as well as in vivo monitoring [2].

Fig. 1 and Table 1 give important definitions and characteristics
of different types of porous materials. Characterization of porous
solids and powders includes surface area, pore size and density
measurement. Usually, pore size and surface area can be character-
ized by Mercury Porosimetry or by gas adsorption methods such as
Brunauer-Emmett-Teller (BET) approach. Mercury Porosimetry
can typically be applied over the range 3.5 nm-500 pm. However,
this method requires that the material be inert to mercury, and
care must be taken to prevent creation of artificial pores due to
powder packing. This leads to difficulties in the characterization
of fine spray-dried powders and small-pore containing samples.

The most common gas for adsorption measurements, is nitro-
gen. However, the molecule is sufficient large so as to prevent
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penetration into the smallest pores of interest, and has been shown
to be inaccurate for measurement of low-surface-area material [3].
Some other alternative gases like water and dipole molecules, can
enter very small pores, but the possibility of chemisorption makes
the analysis more complicated [4]. Because the BET method re-
quires an absorption model, the resulting extracted surface area
and pore volume is highly dependent on the microscopic model
employed and its validity for the specific system. As such the
method itself suffers from absolute accuracy but is comparatively
sensitive to changes within a given material system. The hysteresis
loop of adsorption isotherms is also used to determine the pore
size, and as an indicator of pore connectivity. However, the iso-
therms are complex to analyze due to the mixture of pore types
and a wide pore size distribution typically found in porous
materials.

Though we can estimate the porosity of a material by adsorp-
tion methods, the disagreement with the calculated specific sur-
face area can be very large [5]. The uncertainty again comes from
the model assumptions for the BET method: that the Kelvin equa-
tion is applicable over the complete mesopore range; the meniscus
curvature is controlled by the pore size and shape; the pores are ri-
gid and of well-defined shape; the filling or emptying of each pore
does not depend on its location within the network; the adsorption
on the pore walls proceeds in exactly the same way as on the cor-
responding open surface. Finally, the universal limitation of all
adsorption methods is that the closed pores are not accessible to
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0-Open pores
c-Closed pores
t-Transport pores
b-Blind pores

cl-Cross-linked pores

Fig. 1. Cross-section of porous material.

Table 1
Definitions of porous structures.

Open pore Cavity or channel with access to the surface

Blind pore Pore with a single connection to the surface
(dead-end pore)

Closed pore Cavity not connected to the surface

Total porosity Ratio of volume of voids and pores (open and
closed) to volume occupied by solid
Ratio of volume of voids and open pores to volume

occupied by solid

Open porosity

the absorbants. Therefore, the porosity induced from these meth-
ods is the open porosity, not the total porosity.

Another important property is density, which requires mea-
surements of mass and volume. However, it is difficult to measure
the volume directly from the geometry of the object if the sample
has an irregular shape; or by fluid displacement if the sample is a
fine powder. There are some density measurement methods for li-
quid sample, including pycnometry and hydrometry [6]. However,
the measurement of density in nanoparticles is still a topic of
research.

In this paper, we develop a model and material-free method to
measure the particle density by direct measurement of the mass
and volume of particles. The measurement employs two different
electrostatic manipulations of particles in series, which separately
measures the size and mass. For porous particles of the type ex-
plored in this paper it also allows us to determine porosity of the
sample with a much higher accuracy than that from BET methods
and can do so independent of whether the pores are externally
accessible or not.

2. Measurement methodology

The two methods to be employed in series to determine poros-
ity and pore volume both employ charged particles that are manip-
ulated within a static electric field with either drag (DMA), or
centrifugal (APM) as the balancing opposing force.

2.1. Differential mobility analysis (DMA)

The DMA operates by selecting particles based on a balance of
electrical and drag forces [7]. Particles exit the DMA based on a bal-
ance of electrical (Fg) drag forces (Fp).

FD:FE;>37IC—'“d”U:neE (M
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where n is the number of charges (n = 1 in our analysis), e is the unit
of charge, E is electrical field strength, u is the gas viscosity, C is the

velocity slip correction factor, needed for particle in the free mole-
cule flow, and v is particle velocity.

Eq. (1) shows a unique relationship exists between the particle
mobility diameter, the measured velocity, and the applied electric
field. At fixed electrostatic field only one mobility size will exit the
instrument which can either be counted or sent to another instru-
ment for further characterization. More detailed discussion on
DMA operation was previously reported by Kim et al. [8].

Because we are employing ion-mobility methods, particles are
first charged to a Boltzmann charge distribution by exposing the
nanoparticle aerosol to a Po-210 radiation source. This enables a
known charge distribution on particles, and for fine particles such
as those in this study we work with singly charged particles [8].

2.2. Aerosol particle mass analyzer (APM)

The second instrument employed is an Aerosol particle mass
analyzer (APM) [9]. The APM operates by balancing electrostatic
and centrifugal forces, such that at a fixed applied electric field
and rotation speed particles of only one mass will pass through
the instrument.
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where m is the particle mass, w is the APM angular speed, V is the
applied voltage, q is the particle charge, ry, » and r, are inner, outer
and rotating radii at the equilibrium, respectively.

This instrument provides a direct relationship between applied
voltage, rotation speed and the particle mass, and effectively oper-
ates as a mass spectrometer.

2.3. Combining the DMA and APM

As discussed above, the DMA directly measured mobility diam-
eter, which for a sphere yields particle volume. The APM directly
measures mass. The combination of volume and mass, provides a
density.

In prior work we have measured the density of solid particles
[10] to understand the mechanism of kinetics and mechanisms of
metal nanoparticle oxidation [10-12]. Recently, this method has
also been extended to density measurement of non-solid particles,
such as carbon nanotubes [13] and silica aggregated particles [14].

In prior work we have estimated the uncertainties of the com-
bined DMA-APM system. The theoretical uncertainty is estimated
to be 5%, which is based on the transfer functions of the DMA,
and APM [10-12]. Our prior experimental work on density mea-
surements of reference particles yields an uncertainty of 4% [13]
and mass measurements on NIST SRM 60 and 100 nm PSL spheres
using combined DMA-APM were within about 1.4% and 5.6%,
respectively [15].

In this paper we will implement a combined DMA-APM ap-
proach to measure the density of porous particles, compare with
BET results, and use the results to conjecture a mechanism of for-
mation. While the particles being characterized in a recreated aer-
osol phase the methodology can be implemented on particles
dispersed in liquid phase by electrospray generation [16]. One sig-
nificant advantage of this method is that the measurement method
does not depend on the composition of the material but only on its
physical parameters (volume and mass).

3. Experimental approach

The experiment system consists of two parts: (1) material prep-
aration, (2) size and mass measurement. In addition, transmission
electron microscopy (TEM, JEM 2100 FEG), X-ray diffraction (XRD,
Powder Diffractometers for Materials Characterization) and
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Brunauer-Emmett-Teller (BET, TriStar Il 3020) analysis are used to
confirm some of our findings and contrast results.

3.1. Preparations of porous Fe,O3 nanoparticles

To demonstrate the method we need a reliable source of porous
material, which we adapt from prior work we have conducted on
synthesis of porous particles by spray-pyrolysis methods to create
porous iron oxide. A 0.2 M aqueous solution of iron (IIl) nitrate
nonahydrate is sprayed using a collision-type nebulizer. The initial
mean droplet size is about 1 pm in diameter as in our previous
work [17]. The droplets are dried by passing them through a silica
gel diffusion dryer. The aerosol is then passed through a tube fur-
nace with temperatures set from 100 to 600 °C to decompose the
precursor and create the porous iron oxide. Particles exiting the
aerosol reactor are then collected on a 0.4 pm DTTP Millipore filter
for the XRD and TEM characterization, or are directly sampled by
the tandem DMA-APM system for analysis.

3.2. Preparation of hollow copper complex nanoparticles

A 0.2 M aqueous solution of copper (II) nitrate is sprayed with
the nebulizer, and the aerosol droplets pass through a diffusion
drier and a 600 °C furnace. Particles are collected on the filter for
the XRD and TEM characterization, or are directly sampled by the
tandem DMA-APM system for analysis.

3.3. Tandem DMA-APM

Fig. 2 shows the configuration used in this study, where the first
three steps are to generate the particles, followed by DMA-APM
density measurement. Essentially, we use the DMA to size select
particles, which for a spherical particle defines its external volume.
The size selected particles are then passed to the APM which se-
lects particles by mass. Particles are then counted by a condensa-
tion particle counter. The combination of particle volume and
mass defines density, and if we know the theoretic density of the
material we can extract porosity.

3.4. Density and porosity determination

At a fixed DMA voltage (fixed particle size), an APM mass distri-
bution from scanning APM voltage (rotation speed was kept con-
stant at 3000 rpm) was fit to a Gaussian distribution to give a
peak mass for a DMA selected particle size. Using this approach
the densities p of various size particles generated under different
conditions can be determined.

m 6m
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where dj, is the particle diameter from the DMA; m is the measured
APM mass for that size particle.

The density measurement is independent of the material type,
however a porosity (¢) determination requires referencing to the
theoretical solid density (ps).
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The porosity measured is of all the pore space in the particle inde-
pendent of whether the pores are accessible of closed and thus is
different from the measurement from BET.

4. Result and discussion
4.1. Density measurement of porous iron oxide particles

4.1.1. Effective density and comparison with BET measurement of iron
oxide

Representative XRD analysis of the produced particles is shown
in the supplemental data (Fig. S1) demonstrates that Fe(NOs)s; has
been converted to y-Fe,03. The broadened peak in the XRD pat-
terns is attributed to small crystalline grain sizes (~10 nm or less)
and microstrain from the fast growth of particles, including non-
uniform lattice distortions, faulting, dislocations, antiphase domain
boundaries and grain surface relaxation [18]. Because the decom-
position of the nitrate to Fe,03 occurs around 150 °C [19], we can
assume that particles generated at 400, 500 and 600 °C are iron
oxide.

Fig. 3 shows TEM images of the prepared particles as a function
of furnace temperature. TEM images show that the particles are
overall highly spherical with a porous internal structure. The por-
ous structures of the particles are very sensitive to the synthesis
temperature: higher temperatures lead to larger pores.

The solid density of y-Fe,05 is 4.9 g/cm®, which we will use to
calculate the porosity. Because samples made at low furnace tem-
peratures may not be phase pure y-Fe,03, and possibly more hy-
drated, we cannot obtain precise porosity for these samples,
although the density measurements are still valid.

The DMA-APM results are summarized in Table 2 and show that
the density increases monotonically from about 2 g/cm® at 100 °C
to about 3.4 g/cm? at 600 °C. However the resulting porosity mea-
surements for the 400-600 °C measurements show that even
though the pore size increases as the furnace temperature in-
creases, the porosity decreases.

Porosity can be induced directly from the density of porous par-
ticles, or combining with the BET data - pore volume per unit
mass, the BET porosity can be described as:

V,xm y s
P =y =my Ve xP (5)

Table 3 shows the BET results and calculated porosity according
to the BET data. The porosity calculated from BET is an order of
magnitude lower than that determined from DMA-APM density
data. Furthermore, a cursory inspection of the TEM images of
Fig. 3(c), would suggest that the void volume must be considerably
larger than the 6% value determined from BET. In addition, the BET
determined external surface area (surface area excluding micro-
pore surface) is larger than the BET total surface area in Table 3,
so the difference between these two surface areas which is the

g le::ron .
- Vaner - - -
atomizer furnace
drier

Fig. 2. Experiment methodology (a) online density measurement; (b) size distribution measurement after furnace.
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Fig. 3. TEM images of iron oxide particles generated at (a) 400 °C, (b) 500 °C, and (c) 600 °C.

Table 2
Results from tandem DMA-APM method.

Sample no. 1 2 3 4 5 6

Furnace temperature (°C) 100 200 300 400 500 600
Average density (g/cm?) 2.09 2.11 2.46 3.12 3.22 3.44
Porosity - - - 0.36 0.34 0.30
Peak size (nm) 88.2 94.7 82.0 71.0 66.1 63.8

Experiment not conducted. Because particles are not well crystallized to y-Fe,03 at
low temperature, porosity which depends on the density of crystalline material
cannot be accurately determined.

surface area of the micropores is negative, and this obviously is
erroneous. This occurs because two different models are employed,
which illustrates an inherent incompatibility in the BET result, due
to this method’s strong model dependence.

BET methods are nominally the standard method to compute
open porosity. Though the pore volume and surface area are clearly
incompatible and likely both are inaccurate, possibly due to poor
connectivity in pore structure, the trend observed in pore diameter
seems to be consistent with the TEM images in Fig. 3, probably
from the accessible pore information.

On the other hand, given the demonstrated accuracy of the DMA-
APM method as discussed previously, we should expect that the
density measurement is highly reliable, and thus by inference the
porosity should be more reliable than that determined from BET.
However, because the DMA-APM method does not rely on any phys-
ics of the internal structure we cannot use this method to determine
pore characteristics, and a reliance on BET is necessary.

4.1.2. Density distribution within a particle population for iron oxide
One of the significant advantages of the DMA-APM method is
that it does not require macroscopic quantities to make a measure-

Table 3

BET characterization results.
Sample no. 4 5 6
External surface area (m?/g) 14.2 9.3 6.6
Total surface area (m?/g) 11.5 7.26 5.0
Single point absorption of pores (V’p-cm3/g) 0.02 0.015 0.018
Porosity 0.062 0.049 0.062
Absorption average pore diameter (A) 69.1 84.3 142.6

ment. Furthermore, the inherent size fractionation of the material
is integral to the measurement and thus amenable to density and
porosity measurements as a function of particle size, which cannot
be done by other methods. This is important because in any typical
bulk synthesis process, one expects to produce a range of particle
size that represents the overall size distribution. In the context of
creating porous structures one might also expect that there is a
range of porosities that might be created that depend on particle
size.

Fig. 4 shows density measured as a function of DMA selected
particle size. The results show that at the highest temperatures
of synthesis (600 °C) the density is independent of particle size.
However, at lower temperatures, the density starts out at a lower
level and decreases monotonically as particle size increases. This
suggests that the synthesis was not complete at lower tempera-
tures. If temperature or time were not sufficient, the largest parti-
cles would show the biggest effects. This is in fact clearly seen in
Fig. 5, where the full range of particle population is imaged. The
largest particle at the lowest temperature has the lowest density,
and shows a monotonic increase in density approaching the higher
temperature cases as particle size is decreased. These results indi-
cate that the DMA-APM method has the potential to understand
the kinetics of the pore formation process.

4.1.3. Pore structure creation

The results in Table 2 shows that average particle density in-
creases with reaction temperature, but that the overall particle size
decreased. There are two likely factors which could cause such a
trend in density: gas generation during synthesis and sintering.
Since the decomposition temperature of the nitrate is low
(~125°C), we expect that gas generation occurs first to make a
porous structure. Higher temperatures should lower the viscosity
of the melt allowing for the gas to escape easier, and thus creating
a more dense structure before being frozen in. A lower viscosity
melt will also induce more channeling effects which will tend to
merge gas zone and thus produce larger pores as observed in the
TEM images [20]. While this occurring grain growth is likely to in-
crease the primary particle size and collapse of pores, which will
lead to higher average pore size and a lower total pore volume.

Up to 200 °C the peak particle size increases, consistent with
gas generation puffing the particle out like a balloon. Starting
below 200 °C, gas generation dominates the size trend according
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Fig. 4. Iron oxide particle density as a function of particle diameter, for different
process temperature conditions. The error bars represent the 5% uncertainty for
density and 1% uncertainty for particle diameter. Mass of the particles of a
particular size is determined from the peak of the log normal distribution of
number concentration vs. mass.
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Fig. 5. TEM image of iron oxide showing the range of particle porosity and size in
sample 5.

to the amount of gas emitted. Above 200 °C there is a steady de-
crease in the size distribution with increasing temperature. In
this case all the gas generation whose tendency is to increase
particle size is apparently offset by the tendency to collapse
the structure.

4.1.4. Identifying the particle precursor

While our starting precursor is Fe(NO3)s; there is no particular
reason to expect that after aerosolization and drying, the remnant
precursor particle (before it enters the furnace) is still a nitrate.
One possibility is that Fe(NOs); droplets hydrolyze to form solid
phase Fe(OH); particles before reaction furnace, which then dehy-
drates in the furnace to make porous Fe,03 (hydrolization occurs
first). The second possibility is that, Fe(NO3); aqueous droplets
form pure nitrate particle which decompose to Fe,03 and oxynit-
ride to make pores (nitrate decomposes directly).

In Table 4 we list the solid densities of iron hydroxide, iron ni-
trate and iron oxide. If we compare the densities of iron nitrate and

Table 4

Density of various iron containing compounds.
Pure composition Iron hydroxide Fe(NOs3)3-9H,0 v-Fe,05
Density (g/cm?) 3.4-39 1.68 49

of.nm

Fig. 6. TEM analysis of hollow copper complex particles. The red circle shows that
some of the smaller particles may not be hollow. (For interpretation of the
references in colour in this figure legend, the reader is referred to the web version of
this article.)

the hydroxide with the measured densities of the particle at lower
heating temperatures (Table 2) at the lowest temperature (100 °C),
which is below the thermal decomposition temperature of nitrate,
we measure a density above that of pure nitrate, indicating that the
precursor particle is not the nitrate, or at least a mixture of the ni-
trate and the hydroxide precursor. Below 100 °C, solvent water is
not fully evaporated yet, which implies that an intermediate of so-
lid Fe(NO3)s cannot exist in this fast evaporation process and
would seem to confirm the first hypothesis that Fe(OH); forms be-
fore the solvent fully evaporates.

4.2. Density measurement of hollow copper oxide particles

In this second example we generate hollow CuO particles by
spray pyrolysis. XRD analysis of the second sample is shown in
the supplemental data Fig. S2, and demonstrate that Cu(NOs),
has only partially been converted to CuO when heated at
600 °C for a residence time of 1s. Compared to iron oxide, the
primary particle (grain) size is significantly larger, which is con-
firmed in the TEM image of Fig. 6. More importantly the image
clearly shows that particles have a hollow structure, which is
very different from the porous iron oxide particle. Analysis of
the XRD pattern indicates that copper oxide constitutes about
75% of the crystalline particle. The density of Cuy(OH)3(NOs3)
and CuO is 3.4 and 6.3 g/cm®, respectively, so the mass average
solid density used to calculate particle’s porosity is 5.6 g/cm®.
Compared to our measured particle density of ~1.2 g/cm?, the
calculated porosity is 0.79.

As we discussed previously, the BET method is best employed
for a regular pore structured material. Thus a hollow particle is
not amenable to a BET type measurement, and illustrates some
advantages in the uses of the DMA-APM approach.

Table 5
Measured density of copper oxide as a function of particle size.

Diameter (nm) 46 67 84 99 112 125 137
Density (g/em®) 16 12 12 12 1.1 1.1 12




Q. Liu et al. / Microporous and Mesoporous Materials 153 (2012) 210-216 215

solution Cross-section

O
1?3%5;:3:!‘ of product
Solvent Chemical partide
(a) vanoranon reactlon SIntermg
Cross-section
solution tmt‘l:fr':"m solid shell ofprodce
particle
Solvent  below 100 °C Salt ofSalt  chemical
waporatiun PI’ECIpItate reactuon

Higher
concentration

of salt
solution

Fig. 7. Particle formation mechanism from precursors of (a) iron nitrate and (b) copper nitrate.

Table 6
Melting point and decompose temperature of nitrates.

Stable state precursor Fe(NO3);3-9H,0 Cu(NOs),-3H,0

Melting point (°C) 47 114
Decompose temperature (°C) 100-150 170

4.3. Particle formation models and verification

Table 5 shows that the density of copper complex particle is
constant at 1.1-1.2 g/cm?, across all particle sizes, unlike the iron
oxide case. The highest density (1.6 g/cm?) for the smallest particle
sizes probably results from the fact that some of the smaller pop-
ulation sizes as seen from TEM are probably not hollow (see circle
in Fig. 6).

The formation of hollow particles in spray pyrolysis is well
known [21]. The prevailing wisdom is that solvent evaporation
from the droplet occurs faster than the internal solute diffusion,
thus the concentration of the solute near the outer edge of the
droplet reaches its solubility limit and precipitates to form a shell.
This shell is then converted to the metal oxide in the pyrolysis step.

In Fig. 7 we show a conceptual model for the formation of par-
ticles from spray pyrolysis for the two classes of materials ob-
served. Table 6 shows that the melting point of iron nitrate is
lower than the boiling point of the solvent water, so even if the
concentration of salt exceeds the solubility on the shell in the
evaporation process, the entity is still a fluid before chemical reac-
tion, and thus always behaves like a droplet; i.e. there should be no
shell structure formation before chemical reaction and the porous
structure is primarily driven by gas generation and sintering.

However, for the copper nitrate, the melting point is higher than
the boiling point of water, so precipitation can occur before the sol-
vent is fully evaporated. Evaporation of water from the droplet re-
sults in local increases in solute concentration near the droplet
edge leading to precipitation locally, and the formation of a crust.
Subsequent decomposition/reaction freezes-in this hollow
structure.

5. Conclusion

In summary, we demonstrate an on-line method to measure
size resolved density of porous particles. The method relies on
combining a differential mobility analyzer (DMA) with a particle

mass analyzer (APM) to make a simultaneous size resolved mea-
surement of size and mass, from which density and porosity can
be determined. We determined the expected uncertainty of the
density measurement to be within 5%.

The method has several advantages over absorption methods
such as BET in that no pore model is required, is materials indepen-
dent and will measure the density even in a particle with inacces-
sible pores.

As shown in this work the method can be used to monitor pore
evolution and deduce likely mechanism of microstructure
formation.
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