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Combustion and passivation of nickel nanoparticles
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Nanoscaled pyrophoric nickel powders were synthesized by
the decomposition of nickel formate layers 1-3 mm thick in
a flow of hydrogen at 209°C and then passivated in a flow
of 0.6% oxygen +Ar for 2-10 min. Thetime of completion of
passivation coincides with the time of beginning of cooling
down of the sample during passivation.
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In the past two decades, attention has been focused on the
synthesis of metal nanoparticles because of their unusua properties
and potential applications in optical, electronic, catalytic and
magnetic materials.! The physical and chemical properties of
Ni, Co and Fe metal nanoparticles depend on particle size and
shape. 119 Nickel nanomaterials have been synthesized in various
forms like nanotubes, nanorods, and hollow spheres.}2 Magnetic
nanoparticles are widely used in rechargeable batteries,® opto-
electronics,* chemical catalysts,>® drug delivery systems’ and
magnetic hyperthermia.® Nickel nanoparticles have a wide range
of applicationsin permanent magnets, magnetic fluids, magnetic
recording media, solar energy absorption systems, fuel cell
electrodes, catalysts, etc.

The methods of the synthesis of particles with controlled size
and shape include photolytic and radiolytic reduction,® sono-
chemical methods, solvent extraction reduction, microemulsion
technique, polyol process, and chemical route.?2 Nickel nano-
particles are usualy prepared in organic media to avoid the
formation of nickel oxide or hydroxide, asit takes placein agas.
These can be reduced in a hydrogen flow for more than a day
at low temperatures.1® At higher temperatures, fast coagulation
processes lead to the undesirable growth of particles.21° Nickel
nanoparticles are pyrophoric.!! For the further processing of
nanopowders in ambient air, they should be either stored in an
inert liquid or protected (passivated). The passivation includes
in the formation of protective thin oxide or nitride!? films on the
surface of nanoparticles, which prevent the oxidation of metal
powders.

Hence, the aim of thiswork wasto synthesize Ni nanoparticles
by a chemical metallurgy method and to establish the conditions
of their further passivation to prevent oxidation. The synthesized
Ni nanopowders were characterized.

The synthesis of nickel formate includes a reaction between
nickel sulfate and sodium formate!® or the direct reaction of
basic nickel carbonate!* or nickel hydroxide with formic acid (the
latter was used in this work). Nickel formate dihydrate undergoes
dehydration at ~140°C and decomposition at ~210°C to give a
finely divided Ni powder with the evolution of a gas mixture of
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carbon dioxide, hydrogen and water'® by the following reac-
tions; 161

Ni(HCOO),-2H,0 —> Ni + 2CO, + H, + 2H,0, Q)
Ni(HCOO),-2H,0 — Ni + CO + CO, + 3H,0. ©

T A reactor, which was described & sewhere, 1718 with nickel formate powder
samples 1, 2 and 3 mm thick in a quartz trough was maintained in a
furnace at 209°C for 70 min in a hydrogen flow to reduce either possible
NiO formation or CO poisoning of active Ni'® by reaction (2); then, it was
cooled to 20°C in an argon flow. In some experiments, the reactor with
the trough was cooled with ice to 0°C. The quartz trough was equipped
with a chromel—alumel thermocouple (0.2 mm) placed in the powder.
Commercial Ni nanoparticles obtained by the electrical explosion of
wireswere also examined. The mean size of the nanoparticleswas 60 nm.

For the passivation of Ni nanopowder, which was performed in the
above reactor, 0.6% O, was added to an argon flow at 20°C. The passiva-
tion time varied from 2 to 10 min. The detected heating of the thermo-
couple after O, addition indicated the beginning of the passivation. After
passivation, the quartz trough with Ni nanopowder was extracted from the
reactor and placed on a table for high-speed filming.1718 A Casio Exilim
F1 PRO color high-speed video camera (60 frames s* HD) was used to
establish the modes of combustion of Ni nanopowder and to control the
extent of passivation. A Flir 60 infrared camera (60 frames s, 320x 240 pix,
sensitivity interval of 8-14 um) was used to determine the dynamics of
changes in the sample temperature during combustion.

The phase structure of the samples was studied on a DRON 3M X-ray
diffractometer with a coordinate-sensitive detector. The coherent scattering
region (CSR) size equal to the mean size of crystallites was a'so determined.
It was 10-15% smaller than the size of small particles (grains) identified
using electron microscopy. A CSR size corresponds to the inner ordered
region of agrain, and it does not include severely distorted boundaries.
The CSR size was calculated by an approximation method applicable to
structural components of 20150 nm in size, which are close to a spherical
form and do not have micro tensions; therefore, the size of the objects was
underestimated. The BET specific surface areas were measured using a
Sorbi-M analyzer.

The microstructure of the powders was examined using a Zeiss Ultra
Plus field emission ultra-high resolution scanning electron microscope
equipped with an INCA 350 X-ray microanaysis console (Oxford
Instruments).
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The treatment of nickel formate powder samplesin afurnace
at 209°C for 70 min in argon does not lead to the formation
of pyrophoric Ni; therefore, the treatment of nickel formatein H,
instead of Ar prevents either NiO occurrence (NiO is reduced
to Ni) or CO poisoning of active Ni (CO reacts with H, on active
Ni surface).

The results of the speed filming of the combustion of a
2 mm layer of Ni nanopowder without passivation are shown
in Figure 1(a). The propagating waves of reaction are spatially
nonuniform (finger-like). Partialy passivated samples also burn
in the finger-like mode. Completely passivated powder can aso
be ignited with a heat source, e.g., a heated wire. The finger-like
propagation of a combustion wave initiated with a heated wire
in nickel nanopowder (3 mm layer thickness) in air is presented in
Figure 1(b). This combustion mode is different from the incom-
plete surface combustion of Fe nanopowder with a pronounced
combustion front.18 Note that the 3 mm thick sample, as distinct
from 1 mm thick unpassivated one, never ignited spontaneously,
probably, due to heat losses in the bulk of nanopowder. These
limiting conditions on the thickness of samples need further
investigation. Therefore, the samples 2 mm thick characterized by
the phenomena of spontaneous ignition and finger-like combustion
were studied.

It is well known that the surface of the charred solid fuel
develops fingering patterns resulting from a destabilizing effect
of reactant transport.?%2! Such a scenario was investigated by Zik
and Moses.? The role of oxygen flow velocity in the observed
pattern formation was studied experimentally.?? Figures 1 and 2
indicate that the ‘fingers’ occur without any oxidizer flow; i.e.,
the nature of combustion front instabilities cannot be related to the
gas flow. The propagation of ‘fingers’ in the absence of gas flow
is chaotic due to the lack of direction, which is set by the flow.
Indeed, under our conditions, the surface of the powder is equally
accessble and the external directed gas flow is missing; therefore,
the establishment of the driving force that provides finger-like®®
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Figure 1 (a) Behavior of Ni nanopowder (2 mm thick) in air without
passivation, the frame number corresponds to the time (s) after extraction
of the trough with nanopowder from the reactor; and initiation of surface
combustion of Ni nanopowder in air without passivation (b) with a heated
wire [3 mm layer thickness, the frame number corresponds to the time (s)
after initiation], (c) by electro explosion with a heated wire (1 mm layer
thickness, initial temperature, 20°C; 60 frames s™; the number corresponds
to aframe number from the moment of placing the trough on the table; the
colors are inverted).

Figure 2 IR investigation of the combustion of Ni nanopowder in air (20°C
without passivation; 60 frames s™). A bigger cross indicates the temperature
in the point, and a smaller cross automatically indicates the maximum tem-
perature over the rectanglein aframe. (a) Combustion of Ni nanopowder in
air (two samples of 2 mm thick). In the bottom of each frame, to theright the
time (s) after extraction of the trough with nanopowder from the reactor is
shown. (b) Initiation of surface combustion of Ni nanopowder in air with a
heated wire (2 mm layer thickness; 5 min passivation).

propagation of reaction waves is quite urgent. The existence of the
primary centers of reaction testifiesto various chemical activities
of different sites of the Ni nanopowder surface [Figure 1(a)] asit
is observed in Fe nanopowder; this phenomenon can serve as a
driving force. On the other hand, the thickness of areacting layer
is determined by the rate of oxygen diffusion through the pores
into the bulk of the sample. Therefore, the size and distribution
of (nano)pores? is a parameter responsible for the propagation of
the reaction wave. Anyway, the nature of an inhomogeneous wave
in the absence of external flows demands further investigations.®

Note that the experiments with layers of Ni nanoparticles
obtained by electrical explosion led to similar results, though
these particles did not burn spontaneously. This powder can be
ignited with an external source [Figure 1(c)], and the initiated
combustion front also propagated in the form of ‘fingers'.

Figure 2 exhibits the IR study of the combustion of Ni nano-
powder in air. The frames demonstrate a finger-like character of
the combustion of Ni nanopowder. The maximum temperature for
the unpassivated sample in the ‘tip’ of a‘finger’ exceeds 670°C.
However, the maximum combustion temperature of the passivated
sample does not exceed 651°C, reflecting the change in heat
emission conditions due to a protective oxide layer on nano-
particles.

Figure 3 shows that the maximum warming-up during the
passivation with 0.6% O, + Ar makes about 5°; the process
of passivation comes to an end in ~5 min after the start of
0.6% O, + Ar supply, if we determine the moment of completion
of passivation as the beginning time point of cooling down of
the sample. The Ni samples (2 mm thick) extracted from the
reactor burn down completely if thetime of passivation is shorter
than 3 min. Otherwise, the samples are stable for several weeks,
but they can be ignited at any time with a heated wire.
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Figure 3 The time dependence of the warming up of the sample 2 mm
thick in the process of passivation (T, = 20°C). The vertical solid line
indicates the time of passivation completion.
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Figure 4 The time dependence of maximum warming up of the sample
2 mm thick without passivation after extraction measured with the IR camera.
Initial temperature is—3°C. Zero time corresponds to the moment of extrac-
tion. The corresponding IR video frames are presented. The time of shooting
of aframe corresponds to the coordinate of its middie on the abscissa axis.

The appearance of the sample 2 mm thick without passivation
cooled down to 0°C remains the same after extraction from the
reactor. Theignition of the sample can be provided with a heated
source. Figure 4 shows the time dependence of maximum sample
temperature measured with the IR camera, which was 160°C
during passivation in air. At the moment of 10 s, there are several
potential centers of combustion in asample (bright spots), which
then disappear; it testifies to various chemical activity of various
sites of Ni nanopowder. The warming up a Ty = 0°C is due to
heat release in Ni oxidation reactions leading to the formation of
a thin protective oxide film on the surface of the nanoparticles.
Since the ignition does not occur at 0°C, the rate of heat release
becomes smaller than heat losses at a certain moment of pas-
sivation,?* i.e. the critical condition of thermal ignition is not
attained.

We detected only nickel by the X-ray analysis of the samples
1, 2 and 3 mm thick passivated for 5 min [Figure 5(a)]. The CSR
size (50-70 nm) was the same for the samples 1, 2 and 3 mm in
thickness. Asnickel oxideswere not detected, an oxide layer was
quitethin. Thiswas al so supported by the fact that the passivated
Ni nanoparticles were not oxidized within several weeks (if the
protective film had any defects, or the film was located in any
way within the particle, Ni would be fully oxidized).
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Figure 5 (a) The X-ray phase analysis of the passivated Ni nanopowder
(5 min in argon containing 0.6% O,) stored within two weeks, data for
sample thicknesses of 1, 2 and 3 mm are identical; (b) photo obtained by
the scanning electron microscopy of the nickel nanopowder passivated at
20°Cfor 10 minin aflow of 0.6% O, + Ar.

The determined BET surface areas were 5.2+0.3, 5.7+0.05
and 7.6:0.3 m? g for the samples 1, 2 and 3 mm thick, respec-
tively, passivated for 10 min. It mess that the specific surface area
and, hence, the size of nanoparticles can be varied by changing
the sample thickness. For spherically shaped particles of d = 6/
(rs), the mean value of s= 6.2 m? g1 gives the particle diameter
d =110 nm (r isthe density); i.e., the mean particle diameter lies
between underestimated (50 nm) and overestimated (110 nm)
values. According to Figure 5(b), Ni nanoparticles form chains
without sealed inner cavities, while the particle diameters were
estimated at 50-110 nm.

This work was supported by the Russian Science Foundation
(project no. 16-13-00013).
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