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Nanoscaled nickel particles have attracted interest for their potential use as a fuel in energetic materials. In
this work, we combined two ion-mobility spectrometry approaches, tandem differential mobility analysis
(TDMA) and tandem differential mobility-particle mass analysis (DMA-APM), to study the size-resolved
reactivity of nickel nanoparticles. Nickel nanoparticles were generated in situ by using gas-phase thermal
pyrolysis of nickel carbonyl. Four particle sizes (40, 62, 81, and 96 nm, mobility size) were then selected by
using a differential mobility analyzer. These particles were sequentially oxidized in a flow reactor at various
temperatures (25-1100 °C). The size and mass change of the size-selected and -reacted particles were then
measured by a second DMA, or an APM. We found that both particle size and mass were increased as the
temperature increased. However, at higher temperature (600-1100 °C), a different mass and size change
behavior was observed that could be attributed to a phase transition between NiO and Ni2O3. A shrinking
core model employed to extract the size-resolved kinetic parameters shows that the activation energy for
oxidation decreased with decreasing particle size. The burning time power dependence on particle size was
found to be less than 2 and nickel particles were found to be kinetically more active than aluminum.

Introduction
Recent advancements in the field of so-called “nanoenergetic”

materials are focused on either enhancing or tuning reactivity.
On one level this issue reduces to a length-scale argument,
whereby smaller fuel/oxidizer combinations result in smaller
diffusion lengths and therefore higher reactivity. On another
level, this discussion leads to choices of different thermite
formulation. Although there have been considerable successes
in enhancing the energy release rate of thermite systems, the
goal of tuning the reactivity is still a subject for further research.
In one of our previous works, we reported a method to control
the energy release rate of energetic nanoparticles by creation
of a core shell nanostructure on the oxidizer particle.1 Similarly,
the reactivity of nanoenergetic material can also be controlled
by modifying the structure of the aluminum fuel.2 More recently
we have seen that mixtures of nanoaluminum and nanoboron
outperform either material on their own.3 Those results suggest
both material choices (e.g., Ni, Ti, etc.) and nanoarchitecture
as a means to tune the energy release profiles of materials
beyond aluminum. The application of those materials would
take the form of composite materials, e.g., Al/Ni alloy, or metal
particles with a different morphology such as aluminum core
with nickel coating. While considerable opportunity exists for
improvements, in actuality very little attention has been paid
to the kinetics of reactivity of small metal particles beyond
nanoaluminum. While the oxidation of nickel in the form of
bulk sample or thin films has been studied for over a century,4–27

there are only a few studies on the oxidation of nickel
nanoparticles.5,28–32 Carter developed a solid state kinetic model
based on a diffusion-controlled mechanism for the oxidation
of ∼100 µm particles using a microbalance.22 Fromhold obtained
the same oxidation rate law using a coupled current approach
with the assumption of zero space charge.6 Karmhag and

Niklasson explored the oxidation kinetics of micron size nickel
particles using thermogravimetric measurements, and obtained
a lower activation energy than bulk nickel.31,32 As particle size
decreases into the nanoscale, the mass transfer limitations should
be reduced and we should expect to see an enhancement in
reactivity. Our previous work on the oxidation of nanoaluminum
particles shows that both the overall rate constant and activation
energy are size dependent.33,34 Karmhag et al. studied the
oxidation of nano-sized nickel particles at low temperatures
(135-235 °C) using thermogravimetric measurements and
suggested that nonlinear diffusion resulting from space and local
charging occurs in this case, and results in a higher rate constant
and lower activation energy.29 The same group also probed the
size-dependent oxidation kinetics, and found that the rate
constant roughly goes as the square of the inverse of particle
diameter.30 They further proposed a phenomenological model
to consider the nonlinear effect in oxidation of nanoscaled
particles.28

All the above studies were carried out with use of conven-
tional dynamic thermal techniques such as thermogravimetry.
It is well-known that those methods are greatly influenced by
heat and mass transfer effects such that the results are biased
by experimental artifacts.34,35 In this work we employ aerosol-
based techniques to study the oxidation kinetics of Ni nano-
particles. Our previous results on the study of solid-gas phase
reaction kinetics show that the reaction rates obtained using
aerosol-based techniques are much higher than those from
conventional methods, which may represent the intrinsic reactiv-
ity of nanoparticles.34,35

The basic idea of the experimental approach is to prepare Ni
particles of characterized size/shape (i.e., monodisperse) and
monitor changes during oxidation in free-flight (i.e., no sub-
strate). This study consists of two experiments, both of which
rely on ion-mobility separation. A Tandem Differential Mobility
Analyzer (DMA) system12,36,37 is used to measure the size* Corresponding author. E-mail: mrz@umd.edu.
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change after oxidation, while the mass change is tracked by a
DMA-APM (Aerosol Particle Mass Analyzer) system.33,38–40 The
mass and size changes of nanoparticles are studied from room
temperature to 1100 °C. The average density obtained from mass
and size measurements shows the nickel nanoparticle oxidation
process can be correlated to the formation of both NiO and
Ni2O3 (4Ni + 3O2 f 2Ni2O3, 2Ni + O2 f 2NiO) and a phase
change region where both the oxidation of nickel and decom-
position of Ni2O3 to NiO (2Ni2O3 f 4NiO + O2) occur
simultaneously. The reaction rates were then extracted from the
experiment data as a function of particle size.

Experimental Approach

The experiment system consists of three components: first,
preparation of monodisperse nickel particles; second, exposure
of size-selected nickel particles into a controlled oxidation
region; and third, measurement of the size and mass change
resulting from reaction. A complete schematic of the experi-
mental setup with temperature and flow rate control is shown
in Figure 1.

A. In Situ Generation of Nickel Nanoparticles. In this
work, high-purity nickel nanoparticles were prepared in an
oxygen-free environment by using gas-phase thermal pyrolysis
of nickel carbonyl.41,42 Because of the high toxicity of nickel
carbonyl, it was generated in situ by flowing of a small amount
of carbon monoxide (99.5%) through a nickel powder bed (3
um, 99.7% Sigma Aldrich), which was placed immediately
upstream of an isothermal tube reactor to thermally decompose
Ni(CO)4 so as to form nickel particles as shown in Figure 1.
Before each experiment, the nickel bed was heated to ∼350 °C
with a hydrogen flow (99.5%) for about 4 h to clean the surface
of the nickel powder. After the hydrogen pretreatment, activated
nickel powder is reacted with CO at ∼50 °C to generate
Ni(CO)4. The generated Ni(CO)4 was mixed with a flow of Ar
(industrial grade) and passed to the cracking reactor held at
∼400 °C to create nickel particles (Ni(CO)4 f Ni + 4CO).

Since the resulting particles are agglomerated and our experi-
mental protocol requires individual primary particles, the
generated nickel particles were size selected by the first DMA
(to be described below), and subsequently heated to 1100 °C
to form spherical particles, so as to prepare monodisperse
particles for the oxidation step.

B. Differential Mobility Analyzer (DMA) and Aerosol
Particle Mass Analyzer (APM). The primary analytical tools
employed in the experiments were a tandem differential mobility
analyzer system (TDMA)12,36,37,43,44 and DMA-APM (aerosol
particle mass analyzer) systems.33,38–40 In these experiments,
particles were first charged with a Boltzmann charge distribution
by exposing the aerosol to a Po-210 radiation source, before
the first DMA. The average charge state of sample particles
under Boltzmann distribution is roughly neutral, with most of
particles uncharged and an equal number of particles carring
(1 charge and (2 charges, etc. For example, in the case of 50
nm particles, 60.2% particles will be neutral, 19.3% carry (1
charge, 0.6% carry ( 2 charges, and a higher charge state would
be even less.45 Considering the small percentage in the multiple
charged states, we ignore multiple charged particles and assume
the charged particles are all singly charged. Both the DMA and
APM are configured to classify positively charged particles for
these experiments.

The TDMA system setup was similar to that in our previous
work.36,37,43,44 The DMA consists of an annular region between
two concentric cylinders, with the center cylinder held at high
voltage and the outer one at ground. Charged particles of the
right polarity feel an attractive force toward the center electrode
and move radically inward at an electrophoretic velocity
determined by the particle charge and the particle size dependent
drag force. When charged particles flow within the annular
region the electric force on the particle is balanced by the drag
force, and at a fixed voltage all particles exiting the instrument
have equivalent mobility sizes (equivalent projected surface
area). By scanning the voltage a range of particle sizes can be

Figure 1. Schematic of Ni generation, size selection, sintering, oxidation an subsequent size, and mass measurement.
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extracted and counted to yield a size distribution. In our system,
DMA-1 is held at a fixed voltage, and thus is used as a band-
pass filter to create the monodisperse particle source, by selecting
particles with the same electrical mobility size. In the size range
of consideration here, the DMA functions as a source of
monoarea particles.46 However, since DMA-1 selected particles
are aggregates, a sintering furnace was placed after DMA-1 to
form individual spherical particles for the oxidation step. A
second DMA was operated in voltage-step mode with a
condensation particle counter (CPC) as a particle size distribu-
tion measurement tool to track the size change after the oxidation
process. A second Po-210 neutralizer was placed between the
oxidation furnace and DMA-2 to recharge the particles. This
was necessary as with the high-temperature treatment (sintering
or high oxidation temperatures) some of the particles lost their
charge. In summary, the TDMA experiment tracks changes in
physical size as a result of oxidation.

In a parallel experiment the change in particle mass after
oxidation was measured by an aerosol particle mass analyzer
(APM) coupled with a CPC. The APM is a relatively new
technique that can determine the particle mass distribution based
on particle mass to charge ratio.40 The APM consists of two
concentric cylindrical electrodes that rotate together at a
controlled speed. An electrical field is created by applying high
voltage on the inner electrode while the outer one is held at
ground. Charged particles flowing within the concentric cylin-
ders experience opposing centrifugal and electrostatic forces and
as a result particles exiting the instrument at fixed voltage and
rotation speed all have the same nominal mass. By scanning
either the voltage or the rotation speed, the particle mass
distribution (independent of particle shape) can be determined.
Our previous experiments have used the DMA-APM technique
to measure the inherent density of nanoparticles, as well as to
study the mechanism of aluminum oxidation.33,38

On the basis of operating conditions for the DMA and APM
we estimate uncertainties as follows. For the DMA operating
conditions the uncertainty is based on the theoretical transfer
function, which will give an uncertainly in the peak particle
size of (4%. We then use Gaussian fit to determine the peak
size, which would have a precision uncertainty of no more than
1%. A similar result can be obtained for the APM; however,
the uncertainties are not due to the transfer function but
uncertainties in the step voltage, which has a resolution of only
(0.5 V, which gives an uncertainty in mass of ∼4%.

Using the root-sum-square (RSS) method, we can estimated
the uncertainty of density calculation at ∼5%. This is consistent
with prior work (unpublished) using combined DMA/APM on
reference aerosols (NaCl and DOP) which gave an experimen-
tally determined uncertainly in density of 4%.

C. Nickel Nanoparticle Characterization, Sampling, and
Oxidation. In this study, nickel nanoparticles with mobility sizes
of 70, 135, 200, and 240 nm were selected by using the first
DMA. To successfully measure the size and mass change
resulting from oxidation with Tandem DMA and the DMA-
APM system, the particle number concentration in the selected
size range must be tuned. This is accomplished by varying the
concentration of Ni(CO)4 in the various dilution steps used. The
Ar carrier gas flow varied from 2 LPM (liter per minute) to 10
LPM, and the dilution Ar flow varied from 0.2 LPM to 0.45
LPM. Figure 2 shows an example size distribution taken before
the sintering furnace. The system in this case was tuned to create
a peak mobility size of about 120 nm, with sufficient particles
for further measurement at the size range from 70 to 240 nm.

Size-selected nickel particles coming from DMA-1 were
subsequently sintered at 1100 °C to form monodisperse spherical
particles, whose size and mass can be measured by DMA-2
and APM, under condition of no oxidation. The size of particles
shrinks to a mobility size of 40, 62, 81, and 96 nm after
sintering, and are thus the initial particle size before oxidation.
The sintered particles were then mixed with dry air with a 1:1
ratio, and enter a well-characterized tube reactor for oxidation
at a controlled temperature (25-1100 °C). The oxidation rector
consisted of a quartz reactor tube of 1 cm i.d. and 120 cm long
with a heated length of 36 cm. The axial temperature profiles
along the quartz tube were measured at each selective temper-
ature by using a thermocouple, and are shown in Figure 3. For
the nominal operating condition of 1 LPM through the oxidation
furnace, the residence time estimated from the measured
temperature profiles gives ∼1.3 s for room temperature to ∼0.3
s at 1100 °C. A more detailed discussion for the measurement
of temperature profile in the tube furnace and calculation of
the resident time can be found in our previous work.36,44

Finally the reacted particles are directed to the second DMA,
or the APM, for the size and mass measurement. Transmission
Electron Microscopy (TEM) was also used to examine the
structure of nickel nanoparticles before and after sintering to
evaluate the sintering process. An electrostatic precipitator was
used after the reaction furnace to collect particles on Formvar
coated 200 mesh copper TEM grids. TEM characterization was
performed with a Zeiss EM10 TEM (accelerating voltage: 80
kV and magnification: 100×-200000×).

Figure 2. Single DMA scan of the overall nickel particle size
distribution sampled before sintering. (The circles are the data points
and the dash line is the smooth fit to the data.)

Figure 3. Temperature profile within the quartz flow tube for furnace
settings of 500, 800, and 1100 °C.
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Results and Discussion

A. Size and Mass Measurements of Nickel Nanoparticle
Oxidation. The morphology of nickel nanoparticles as they exit
the generator is shown in Figure 4a and indicates the particles
are highly aggregated with primary particles less than 5 nm. At
the high oxidation temperatures, oxidation and sintering (which
decreases surface area) would occur simultaneously for such
small primary particle size, and make the measurements and
subsequent data analysis too ambiguous. For this reason we
choose to sinter the aggregates to spheres. TEM images of the
polydisperse particles sampled after the sintering furnace are
shown in Figure 4b and confirm that the aggregates were
successfully sintered to form spheres. Note that the TEM sample
was prepared by sintering polydisperse particles without DMA-1
selection, and although the sintering process would result in
perfectly spherical particles without any aggregate structure,47

the high concentration of generated particles leads to reaggre-

gation. This reaggregation can be prevented by first size
selecting particles with DMA-1. Mobility sizes of 70, 135, 200,
and 240 nm aggregate particles were selected, their size and
mass after sintering were subsequently measured with DMA-2
and APM, and the results are show in Figure 5. The particle
sizes shrink to 40, 62, 81, and 96 nm after sintering and the
measured mass (APM) and size (DMA) show a relationship of
mass ∼Dp3.006, implying that individual spherical nickel particles
were obtained for the subsequent oxidation step.

We now turn to the size-selected measurements. Mobility
size-selected Ni particles of 40, 62, 81, and 96 nm (after
sintering) were mixed with air and oxidized, following which
the size or mass of the reacted particles is measured by a second
DMA or APM.

Panels a, b, c, and d of Figure 6 show normalized particle
size distributions measured by DMA-2 at selected furnace
temperatures for initial mobility size of 40, 62, 81, and 96 nm,
respectively. The size distributions obtained for each furnace
temperature were fit to a Gaussian distribution to determine the
peak size. As mentioned above, the initial unreacted particle
size is determined from DMA 2 at 25 °C. Furthermore,
measurements of particle oxidation at 200 °C show no size
change, indicating that reaction if there is any is below our
detection limit, which we estimate from prior work to be ∼0.3
nm in diameter.

The TDMA experimental results in Figure 6 show that the
particle size first increases as we increase the furnace temper-
ature, and reaches a size maximum at 600 (for particles with
initial size 40 nm), 700 (for particles with initial sizes 62 and
81 nm), and 800 °C (for particles with initial size 96 nm).
Further increases in the reaction temperature result in decreases
in particle size as the peak size decreased from a maximum of
51.3 to 49 nm, 81.4 to 77.5 nm, 106.9 to 102.5 nm, and 124.8
to 121.8 nm for particles with initial sizes of 40, 62, 81, and 96
nm, respectively. The detailed particle peak size data are shown
in Table 1, and the size change ∆Dp as a function of furnace
temperature is shown in Figure 7.

The TDMA experiment indicates that the oxidation starts at
∼300 °C as evidenced by an increase in particle size. This size
increase results because nickel oxidation forms a lower density
oxide than the zerovalent metal. However, the size increase is
not continuous in temperature, and in the higher temperature
regions (above 600 °C), a significant size decrease is observed
for all particle sizes. There are several possible reasons that can
contribute to the shrinkage of particles at high temperatures.
First, some particles are not perfectly spherical, and some may

Figure 4. TEM micrographs of nickel samples: (a) before sintering
(b) after sintering.

Figure 5. APM measured mass (Y axis) and TDMA measured initial
particle size (X axis).
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be slightly aggregateed, so that one may argue that what was
seen at these temperatures is really sintering or rearrangement
of particle morphology. However, as we have discussed above,
this is an unlikely explanation considering the fractal dimension
of the particles is ∼3 based on the experimental result shown
in Figure 5. As a result, any size change after particles pass
through the oxidation furnace can be attributed solely to
oxidation, e.g., not from the rearrangement of particle morphology.

The most likely explanation for our experimental observation
(and consistent with APM results to be presented later) would
be the formation of an intermediate phase of the oxide, Ni2O3,
at low temperatures, and further decomposition of Ni2O3 to NiO
at higher temperatures. This is consistent with the fact that Ni2O3

is the thermodynamically favorable phase at low temperature,
and decomposes into NiO and oxygen at temperatures above
600 °C.

The reacted particle size can be estimated by assuming
spherical particles of Ni completely covert to Ni2O3 or NiO.
Our experimental values fall within this calculated size range.
For example, for an initial 40 and 96 nm Ni particle, the particle
size should increase to 55.6 and 132.6 nm for complete
conversion to Ni2O3, and then decrease to 48.3 and 115.2 nm
upon forming NiO, while our experimental value for an initial

Figure 6. TDMA measured size distribution for initial size of (a) 40, (b) 62, (c) 81, and (d) 96 nm nickel particles at different oxidation temperatures.

TABLE 1: Change in Particle Size As a Function of
Oxidation Temperature

particle size (nm)

furnace setting (°C) 40 62 81 96

25 40.0 62.0 81.0 96.6
200 40.0 62.0 81.0 96.6
300 40.2 62.5 81.3 96.9
400 41.5 63.6 81.8 97.5
500 45.9 67.0 87.1 101.2
600 51.3 77.9 95.8 110.2
700 51.2 81.4 106.9 122.7
800 50.9 81.2 106.9 124.8
900 50.1 80.7 106.5 124.7
1000 49.0 78.7 104.8 123.8
1100 50.3 77.5 102.5 121.8

Figure 7. TDMA measured change of particle size as a function of
oxidation temperature.
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40 nm particle increases to 51.3 nm at 600 °C, and then shrinks
to 49 nm at 1000 °C. For an initial size of 96 nm particle the
size is 124.8 nm at 800 °C and 121.8 nm at 1100 °C. Also
these results show that the smaller the initial particle size, the
closer we achieve to full conversion, while larger particles
require a higher temperature to achieve full conversion.

To further investigate the oxidation of nickel nanoparticles
and evaluate the phase behavior observed in the TDMA
experiments, we substitute the APM for the second DMA to
track particle mass changes due to oxidation. As discussed
previously, the APM classifies particles by mass through a
balance of electrostatic and the centrifugal forces.40 For each

particle mobility size, the APM was operated at a fixed rotation
speed, and as such the applied voltage can be directly related
to particle mass. Panels a. b. c. and d of Figure 8 show the
results of the APM measured mass distribution at selected
furnace temperatures for initial mobility sizes of 40, 62, 81,
and 96 nm, respectively. Figure 9 shows the mass change ∆M
as function of furnace temperature. Because the APM has a
broader transfer function compared to that of the DMA,
especially at the low end of the APM range, a plot of the
experimental data for each temperature would overlap, and
would be difficult to read. For this reason, we only show the
experimental results at furnace temperatures of 25 and 700 °C.
The particle peak mass distribution data at each furnace
temperature were fit to a Gaussian function to obtain the peak
mass and are shown in Table 2. It is clear from Figure 8 and
Table 2 that there is a mass increase, with increasing furnace

Figure 8. APM measured mass distribution for the initial size of (a) 40, (b) 62, (c) 81, and (d) 96 nm nickel particles at different oxidation
temperatures.

Figure 9. DMA-APM result for change of particle mass as a function
of oxidation temperature.

TABLE 2: Change in Particle Mass As a Function of
Oxidation Temperature

particle mass (×10-16 g)

furnace setting (°C) 40 62 81 96
25 2.48 9.19 21.43 36.81
300 2.50 9.40 21.44 37.25
400 2.65 9.73 21.93 37.40
500 2.82 10.29 23.10 38.30
600 3.03 11.42 25.12 41.15
700 3.08 11.89 27.12 44.85
800 3.11 12.03 27.21 46.34
900 3.10 11.98 27.39 47.28
1000 3.10 11.94 27.15 47.88
1100 3.11 12.23 28.16 48.40
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temperature, that reaches a maximum at above 600 °C. On the
other hand, from Figure 9, we can see in the hypothesized phase
change region that the measured value for the mass fluctuates
within the experimental uncertainty for initial 40, 62, and 81
nm particles, and increases slowly with increased temperature
for the initial 96 nm particle. As we discussed above, the
theoretical particle size should grow to 55.6 and 136.6 nm for
an initial 40 and 96 nm nickel particle, if we assume complete
conversion, while the DMA measured value is 51.3 and 124.8
nm. This suggests that the nickel particle could act as a
multicomponent oxide during the oxidation process.

Presumably the particle would have a nickel core with an
outer oxide layer that contains both NiO and Ni2O3. Both the
oxidation of the nickel core and decomposition of the outer
Ni2O3 layer could occur simultaneously and result in a roughly
constant particle mass as observed for small particles, and slow
mass gain for large particles.

Our previous work showed that the APM when combined
with TEM image analysis can accurately determine particle

density.38 More recently, the DMA-APM technique was used
as an online measurement tool to obtain the particle density in
understanding aluminum oxidation.33 In this work, the average
density profiles of reacted particles are calculated by using
the TDMA and APM measured particle size and mass and are
shown in Figure 10. We find that as the furnace temperature
increases, the average density of the reacted particles decreased
monotonically to 4.7-5.0 g/cm3, consistent with the density of
Ni2O3 (4.84 g/cm3).48,49 At higher temperatures the particle
density increases to 5.5-5.7 g/cm3 and at the highest temper-
ature investigated is roughly at a density halfway between that
of NiO (6.67 g/cm3) and Ni2O3 (4.84 g/cm3). The oxidation to
form Ni2O3 should be dominant in the low-temperature region
while the process of formation of the two types of oxides and
the phase transition are coupled at higher temperatures.

B. Size-Resolved Oxidation Kinetics of Nickel Nanopar-
ticles. Metal oxidation theories and the transport properties of
the oxides have been studied for several decades. It is believed
that the diffusion of ionic vacancies and electron holes is the
dominant transport process for nickel oxidation.7 Thus, the well-
known diffusion-controlled shrinking core model50,51 can be
employed to extract the reaction rate constant. The theories
proposed by Wagner for thick film growth are based on
conditions of charge neutrality, and diffusion of ions and
electrons being the rate-limiting step, leading to a parabolic rate
law for a planar geometry.27 Carter later applied the same
assumptions to the shrinking core model for a spherical
geometry and derived an oxidation rate law for metal particle
oxidation.22 However, Wagner’s theory is restricted to thick
films in which the characteristic length is given by the
Debye-Hückel length, which is probably on the order of
hundreds of nanometers.7,8,11 Given the particle sizes we are
studying, many of the assumptions of the theory would likely
be invalid. For example, the charge-neutrality condition of
Wagner’s theory would no longer hold due to the space charge
effects. Cabrera and Mott’s, on the other hand, describe the thin
film growth26 assuming thermal electron emission and tunneling
of electrons to be easier than ionic diffusion, so that an electric
field is developed across the thin film to assist the transport of
the ions. The electric field caused by the surface-charge could
be on the order of ∼107 V/cm such that a nonlinear behavior
has to be considered. The rate law for thin films was derived
and a characteristic length Lcrit was suggested, below which the
field is so strong that the drift velocity of ions is not proportional
to the field but has an exponential dependence, and this nonlinear
effect should be consider when L(t) < Lcrit. The upper limit for
Cabrera and Mott’s theory is ∼10 nm for nickel, and Lcrit is as
small as 2 nm. No analytical result has been developed for the
spherical geometry.

Fromhold and co-workers have given a more general theo-
retical model for metal oxidation.8,11,15,17,20 However, the
equations can only be solved numerically. In our case, the
particle sizes fall in the range between those of Wagner’s theory
and Cabrera and Mott’s theory. Nickel nanoparticle oxidation
is most likely in a low-field region where surface-charge and
space-charge should be considered. Fromhold and Cook have
evaluated the space-charge and surface-charge modification on
the oxidation kinetics with a coupled current approach based
on the idea that the diffusion currents are in the steady state in
the presence of surface/space charge and the growth kinetics
was obtained by summing the ionic and electronic diffusion
currents of all the species.15 The results can only be solved
numerically and no results are available for spherical particle
oxidation.

Figure 10. Average density measured with use of the DMA-APM
combined experiment.

Figure 11. Arrehenius plots of average mass changing rate as a
function of inverse temperature. The calculations for activation energy
are only for the low-temperature region.
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More recently Fromhold has developed a model focused on
the oxidation rate of spherical metal particles in the low space
charge limit using the coupled current approach for oxide
thicknesses below 100 nm.6 Only surface charge and linear
diffusion were considered in their study, and a rate law similar
to that from Carter’s work was obtained. This suggested to us
that the diffusion-controlled shrinking core model could be
applied to our study as a relatively straightforward way to
process our experimental results.

Following Carter’s analysis at steady state, the diffusion flux
through the oxide shell can be related to the reaction rate of
reactant by

dNO2

dt
)-4πDeCO2

r1r2

r2 - r1
(1)

In eq 1, r1 and r2 are the radius of the nickel core and the reacted
particle. CO2 is the oxygen molar concentration in gas and NO2

is the number of moles of oxygen in the oxide layer. De is the
diffusion coefficient for ion diffusion in the oxide layer:

De)Am exp(- Ea

RT) (2)

Here Am is the pre-exponential factor, Ea is reaction activation
energy, and R is the gas constant. Equation 1 immediately leads
to the mass change rate for the reacted nickel nanoparticle, as

dM
dt

) 4πMO2
DeCO2

r1r2

r2 - r1
(3)

where MO2 is the molecular weight of oxygen. Knowing the
furnace temperature profiles from Figure 3, the particle mass
change, ∆M can be obtained by integrating eq 3 as the particle
travels down the oxidation furnace. However, as we discussed
above, the nickel nanoparticle oxidation should be a composite

between formation of NiO and Ni2O3, and the phase transition.
Therefore the relative concentration of NiO and Ni2O3 within
the oxide layer is temperature dependent. As a result, the
instantaneous mass changing rate dM/dt cannot be determined
with our current experimental approach.

Considering the exponential temperature dependence of the
rate constant and the fact that most of the reaction would occur
at the center of the furnace at the peak temperature, we
approximate the instantaneous mass changing rate dM/dt in eq
3 with the average mass changing rate to get

ln
∆M

τ
)-Ea/RT+ ln(4πMO2

CO2
Am

r1r2

r2 - r1
) (4)

Here the peak temperature determined from Figure 3 is used,
and by using the mass change measured from the APM, the
average mass change rate can be calculate for each furnace
temperature. The size-resolved activation energy can be obtained
from an Arrehenius plot as shown in Figure 11. Considering
that only very small mass changes were observed at 300 °C,
we do not use results from that temperature to process the data.
Two different regions can be distinguished from the Arrehenius
plot, as the oxidation process transitions to a phase change region
at ∼600-700 °C. The kinetic parameters for both regions can
be determined by using a linear fit. The curve fit parameter as
well as the size-resolved activation energies obtained are
summarized in Table 3 and the results for the low-temperature
region are also shown in Figure 11. The calculated activation
energies in the low-temperature region decrease from 54 kJ/
mol to 35 kJ/mol as the particle mobility size decreases from
96 to 40 nm. The activation energies are significantly lower in
the phase transition region, and further investigation is needed
to understand this phase behavior. The activation energies
obtained here (∼0.4 eV) are considerably smaller than the value
of 1.5 eV reported by Karmhag et al. for micro-size Ni particle
oxidation and 1.34 eV for nano-size Ni particle oxidation,29,32

and also smaller than 1.78 eV for grain boundary diffusion
limited thin film oxidation reported by Atkinson.7 This difference
between conventional methods and our approach has been
consistently observed in previous work.34,35 Moreover, the
activation energies obtained here are much closer to the value
of 0.6-0.9 eV for electron transport in single-crystal nickel
oxide,52 and consistent with the reported activation energy of
0.3 eV for single-crystal Ni oxidation in the early film-thickening
stage.53 It is well-known that there are significant drawbacks
of the conventional methods associated with the influence of
experimental artifacts.54 In those methods, usually milligrams
of bulk sample are needed, while the sample mass of our
aerosol-based techniques is ∼1 fg. For a highly exothermic
reaction such as the metal oxidation process, the large exotherm
in a bulk sample will corrupt the observed onsite temperature,
and the rapid reaction will lead to heat and mass transfer effect
for bulk sample. As a consequence, the kinetic parameters

TABLE 3: Summary for Arrehenius Parameters for Nickel Nanoparticle Oxidation

curve fit parameters (Y ) aX + b)

particle mobility size (nm) temp range (°C) a b activation energy (kJ/mol)
effective diffusion

coefficients (10-9 cm2/s)

40 400-600 4216.7 -38.8 35.0 ( 0.8 0.56-4.64
62 400-600 4844.9 -36.7 40.3 ( 2.6 1.02-17.0
81 400-700 6119.4 -34.8 50.8 ( 3.0 0.27-33.7
96 400-700 6566.2 -34.1 54.6 ( 2.9 0.18-35.4
40 700-1100 1267.7 -42.2 10.5 ( 0.5 NA
62 700-1100 1336.9 -40.6 11.1 ( 1.5 NA
81 800-1100 1479.8 -39.7 12.3 ( 2.2 NA
96 800-1100 2085.3 -38.7 17.3 ( 0.4 NA

Figure 12. Arrhenius plot of effective diffusion coefficients in the
low-temperature region for Ni and Al.
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extracted from the conventional methods are obscured. The
TDMA and DMA-APM techniques employed here allow a
direct measure of mass and volume change of individual
particles, which enables us to explore the intrinsic reactivity of
nanoparticles with minimizing the sampling error introduced
by mass and heat transfer.

The effective diffusion coefficient is determined by calculating
the unreacted nickel core radius r1. Although the oxide layer
contains both NiO and Ni2O3 and their relative concentrations
cannot be determined, the oxygen concentration is roughly
uniform for NiO and Ni2O3. Calculation shows that the relative
oxygen density in NiO is 1.42 g/cm3 and that in Ni2O3 is 1.40
g/cm3. The uniform oxygen density enables us to estimate the
nickel core radius by using the mass change of the particle
measured by the APM. Therefore the effective diffusion
coefficient can be calculated from eq 3. Since the shrinking-
core model used here can only count for the oxidation process,
the phase transition in the high-temperature region will corrupt
the calculation of the effective diffusion coefficient. As a
consequence, the calculation is only valid in the low-temperature
region, and the results are shown in Figure 12. Due to the well-
known kinetic compensation effect, although the activation
energy is considerably smaller than the value measured by the
conventional offline methods, the measured diffusion coefficients
are within the range of reported values.7 Since aluminum has
been well studied and has been used extensively as a primary
thermite-based material, the effective diffusion coefficients for
aluminum oxidation obtained from our previous work34 are also
plotted in the figure for comparison. Surprisingly, the nickel is
actually more active than aluminum although it should be
pointed out that the aluminum measurements were made with
a totally different experimental approach. However, despite the
apparent faster kinetics of Ni, the higher enthalpy of aluminum

oxide (-1675.7 kJ/mol vs -489.5 kJ/mol for Ni2O3 or -239.7
kJ/mol for NiO)48,55 implies aluminum is still a more promising
energetic material that nickel. Nevertheless, Ni might find
applications as an ignition source, for example, or in tuning
the reaction profile in mixed metal nanocomposites.

Particle burn time for different initial particle sizes at different
temperatures was also calculated by using the burn rate and
the total mass change measured from the APM. These results
are plotted on a log scale in Figure 13, and show for all
temperatures a diameter dependence well less than 2 (∼Dp1.4).
For large size particles (micron size), the diffusion-controlled
reaction would lead to a ∼Dp2 dependence,51 and a ∼Dp1.8

dependence is reported experimentally.56 For nano-size particles,
however, a much weaker size dependence has frequently been
observed.56–58 A melt dispersion mechanism for very fast
reaction of nanothermites was recently proposed to explain this
observation.57 Fast heating creates huge thermal stresses between
the metal core and oxidation shell and results in the spallation
of the shell and complete explosion of the core, the oxidation
of dispersed metal clusters is much faster than diffusion and is
independent of particle size. However, this mechanism is valid
for particles with a melting core, and a solid shell, and is
expected only for very fast heating rates (∼107 deg/s) as
compared with our ∼103 -to 104 deg/s heating rates. A phenom-
enological model was developed for aluminum oxidation in our
previous work,33 which indicated that due to the internal pressure
gradient in the particle, a ∼Dp1.6 dependence was found. More
generally, for the oxidation of metal, Formhold8,15 shows that
a space charge layer in the growing oxide could have significant
effects on the oxidation process for particles in the range of
10-100 nm, which can either retard or enhance the diffusion
flux through the oxidation shell depending on ionic or electronic
species as rate limiting.8,15 Our results for particle burn time

Figure 13. Particle burn time at different temperatures as a function of initial particle size.
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suggested that a model that includes both the pressure gradient
and space charge effect would be worthy of investigation.

Conclusions

We applied online aerosol ion-mobility based methods to
study oxidation and reactivity of nickel nanoparticles. The nickel
nanoparticles were generated in situ during the oxidation
experiments with use of gas-phase thermal pyrolysis of nickel
carbonyl. Particles of well-controlled sizes and structure were
generated and subsequently size selected by using a DMA. The
mass and size changes of reacted particles were measured with
an APM and a second DMA. The experimental data can be
divided into an oxidation region and a phase transit region. On
the basis of the diffusion-controlled rate equation in the
shrinking core model, we found that the activation energy of
oxidation decreased from 54 kJ/mol to 35 kJ/mol as the particle
size decrease from 96 to 40 nm at low temperatures. The
absolute burning time and the effective diffusion coefficient were
also determined.
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