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The aluminum nanoparticles (Al NPs) are demonstrated to serve as active photothermal media, to

enhance and control local photothermal energy deposition via the photothermal effect activated by

localized surface plasmon resonance (LSPR) and amplified by Al NPs oxidation. The activation

source is a 2-AA-battery-powered xenon flash lamp. The extent of the photothermally activated

movement of Al NPs can be �6 mm. Ignition delay can be �0.1 ms. Both scanning electron

microscopy and energy-dispersive X-ray spectroscopy measurements of motion-only and after-

ignition products confirm significant Al oxidation occurs through sintering and bursting after the

flash exposure. Simulations suggest local heat generation is enhanced by LSPR. The positive-

feedback effects from the local heat generation amplified by Al oxidation produce a large increase

in local temperature and pressure, which enhances movement and accelerates ignition. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4776660]

Efficient control of local photothermal energy deposition

at the nanoscale has numerous impacts on nanotechnology,

including nanoscale detection,1–3 photothermal tumor ther-

apy,2,4,5 nanorotors,6 and thermoelectric solar cells.7–9 How-

ever, most of the current research can be categorized as

“passive,”10,11 being focused on the unique nanostructures of

the noble metals and specific light wavelength/duration/power

to induce thermal effects. The underlying physics is localized

surface plasmon resonance (LSPR), which utilize resonant os-

cillation of free electrons in the metals under light illumina-

tion to confine, enhance, localize, or guide light radiations in

the nanoscale structures. In searching better media for LSPR

enhanced photothermal energy deposition, aluminum is less

attractive compared to the noble metals.3,12,13 Aluminum has

significantly more thermal ohmic losses than the noble metals

in the ultraviolet (UV) and visible ranges due to larger dielec-

tric constants in those regions.14 Additionally, pure aluminum

is easily oxidized in the atmospheric environments.

In recent years, nanoenergetic materials have been exten-

sively studied because of their high-energy densities and fast

reaction rates.15 Some research on flash ignition of single-wall

carbon nanotubes (SWCNT) and aluminum nanoparticles (Al

NPs) has been reported in the literature.16–18 In comparison

with alternative sources such as spark ignition,19 laser igni-

tion,20 plasma ignition,21 plasma-assisted combustion,22 and

combustion enhancement through the use of catalytic nanoma-

terials,23 flash ignition has many benefits because of its lower

power, lower material cost, lower mass, and no quenching

from electrode-less configuration. SWCNT with metal impur-

ities have been demonstrated to provide precise control over

the time and location of a chemical reaction,24 which may ena-

ble more rapid and homogeneous ignition and combustion,

enhance flame speed, and stabilize burning at extremely lean

conditions (fuel/air ratio significantly less than stoichiometric,

leading to ultralow emissions).

Here, we report an active approach for controlling the

photothermal effect of the Al NPs by engaging local oxida-

tion reactions, which has the potential to open another avenue

for innovations in applications in combustion, propulsion, so-

lar cells, and photothermal tumor therapy. The overall process

is similar to positive feedback, which is much more efficient

than “passive” laser-induced photothermal ejection.25,26 The

photothermal effect is initiated and controlled by a xenon

flash lamp that is powered by two AA batteries. LSPR effects

confine and enhance the optical energy within the nanoener-

getic particles. The oxidation reactions of the nanoenergetic

particles are, thus, activated by the local temperature increase

and provide additional energy that is sufficient to accelerate

the chemical reactions. As a comparison, “passive” photo-

thermal effect is to couple the light energy in the aluminum

nanostructures and prevent the oxidation reactions.27–29 Since

the chemical energy from the nanoenergetics is much higher

and more efficient than the photothermal activation energy,

the active photothermal approach is to control local energy

deposition with a light trigger.

Setup: A commercial xenon flash was used as the photo-

thermal source in our experiments. The average diameter of

the Al NPs (NanoAmor Inc.) used was �70 nm. To control

the input energy from the flash, the NPs were placed on a

glass slide at various distances from the end surface of the

flash. The flash power was measured by a long-pulse-ther-

mopile power sensor. The power decreased roughly linear

with respect to distance.30 The maximum power used in the

experiment was 1.9 J/cm2, which corresponded to a distance

of 1 cm between the NPs and the end surface of the flash

source. Sending the flash through a long-pass filter with a

cutoff wavelength at 540 nm decreased the total power by

�25%. Since UV light <350 nm was blocked by the BK7/

glass cover of the flash, the spectral profile of the flasha)Email: zzhang24@utk.edu.

0003-6951/2013/102(2)/023905/5/$30.00 VC 2013 American Institute of Physics102, 023905-1
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covered from 350 nm to the deep-infrared range. The flash

had a temporal profile including a spike of �50 lS, a plateau

of �6 ms, and a decay of 5 ms at full power. At different

power levels, the duration of the plateau and decay portions

changed, but the spike remained similar. The spectra of the

flash remained similar for different portions of the spike, pla-

teau, and decay at different power levels.

Motion: The photothermally activated motion of Al NPs

was observed with a fast camera (Photron Company FAST-

CAM SA5). Figure 1(a) (Ref. 30) shows the temporally

resolved images of the motion activated by the flash, corre-

sponding to different portions of the flash. The first image

shows the non-impacted Al NP pile. The frames within the

first 10 ms were saturated by the flash, which are not shown

in Figure 1(a). The NPs began to move upward in the early

stage of the flash pulse. A large portion of the nanoparticle

pile was driven away from the surface. The highest point

reached up to 6 mm from the surface without ignition is

shown in the ninth image. The movement is �105 times

higher than that from femtosecond/nanosecond laser-induced

photothermal ejection of gold nanodroplets.25,26

Two important features for the photothermally activated

motion have been identified. First, the delay between the

incidence of the light and the motion is on the order of tens

of microseconds. Additionally, the Al NP motion can be con-

trolled by varying the magnitude of the energy input and/or

UV light filtering, as shown in Figure 1(b). A decrease in the

flash power can lead to a decrease in the height of the

motion. When a long-pass filter with the cutoff wavelength

at 540 nm was placed between the NPs and the flash, a

decrease in the height of the motion was also observed.

Second, the NPs can be moved up by the flash-

activation oxidation without ignition, which has been

confirmed by scanning electron microscopy (SEM) and

energy-dispersive X-ray spectroscopy (EDS) analyses. The

original Al NPs are uniform in size, with ellipsoidal and

irregular shapes.30 Aggregation of multiple NPs can be

observed. After the flash exposure, two types of products—

larger particles with diameters of several microns and

smaller NPs with diameters of �50 nm—have been found in

the Al NP residues. Large particles were formed through sin-

tering multiple Al NPs. Smaller NPs were formed through

bursting. EDS analyses show that the original Al NPs are

slightly and non-uniformly oxidized. The mole ratio of Al to

oxygen is about 4:1, varying slightly for different locations

inside the NP pile because of local oxidation. After a single

exposure of the flash, the Al NPs become more uniformly

oxidized. The mole ratios decrease to �2.5:1 for the melted

Al NPs and to 1.4:1 for the burst ones. A significant amount

of the oxidation occurs after the flash exposure, even without

ignition.

Ignition: When the flash power was increased, flash-

activated ignition of Al NPs was experimentally observed

shown in Figure 2. Al NPs at the periphery of the pile were

ignited first. The combustion propagated toward the center

and the bottom of the sample. A sample of 10 mg of Al NPs

ignited in air has an average combustion time of �10 s. Al

NPs can be consecutively ignited up to four times, with an

average combustion duration of �7 s for each ignition. The

total combustion process can last more than 30 s. The igni-

tion delay was recorded by a high-speed camera operated at

100 kHz. For Al NPs with an average diameter of �70 nm,

the ignition delay was �0.12 ms with the flash, as shown in

Figure 2, which is about 100 times faster than that by con-

ductive heating.31 The ignition process is highly localized.

Similarly, the entire Al NP pile has been lifted about 1 mm

above the surface by the photothermal activation.

UV light filtering has been used to control the ignition

of the Al NPs. Long-pass filtering with the cutoff wavelength

at 540 nm leads to a decrease in height, and ignition may not

be triggered under the illumination of the flash at certain

powers with filtering. For a flash power of 1.1 J/cm2 with fil-

tering, which corresponds to 1.6 cm from the flash end sur-

face, ignition is not induced. At a similar power level

without filtering, i.e., power without filtering at 2.5 cm, the

Al NPs can be ignited. Further increase of the flash power

with filtering to �1.3 J/cm2 can induce ignition, as shown in

Figure 2(b). This indicates higher efficiency of UV light for

ignition. Ignition can be achieved for a pile of <0.5 mg.

SEM images of Al NPs after the flash ignition and burning

are shown in Ref. 30. Similar to the movement without igni-

tion, the Al NPs either melt into larger particles or burst into

smaller NPs. As a comparison, EDS analyses of the product

at the burning regions show that the mole ratio of Al to oxy-

gen is �1:2, indicating that more than 80% of the Al has

been oxidized to alumina.

Simulations and suggested mechanisms: The effect of

the direct absorption-induced global heating has been deter-

mined. Light absorption using the discrete dipole approxima-

tion (DDA)32 for alumina-coated NPs with various shapes,

FIG. 1. Photothermally activated motion

of Al NPs with a single xenon flash pulse.

(a) Photothermally activated motion of

NPs observed by a fast camera at a frame

rate of 10 kHz. Each frame size is 8.6 mm

in height � 8.9 mm in width. (b) Height

of photothermally activated motion is

approximately quadratically dependent of

flash power (enhanced online) [URL:

http://dx.doi.org/10.1063/1.4776660.1].

023905-2 Abboud et al. Appl. Phys. Lett. 102, 023905 (2013)
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sizes, coating thicknesses, and aggregation configurations

was computed. In DDA, each particle is represented by an

array of point dipoles. The absorption behavior of the target

was calculated, based on the interactions between the inci-

dent light and the dipoles. The absorption spectra for several

configurations of the experiment are given in Ref. 30. The

peak wavelengths of the plasmon resonance of the Al NPs

shift from �200 nm for spherical particles to the visible and

near-infrared regions for prolonged spheres. To take into

account the aggregation effects, absorption by multiple Al

NPs was calculated. Similar red shifts were observed. The

plasmon resonance and absorption occurred mainly within

the near UV and visible range for these configurations.

It has been confirmed through simulation that the global

heating of Al NPs by absorption of the flash light is not the

main contributor for the ignition of a single Al NP. It should

be noted that there is no consensus in the open literature on

thermal ignition of metal nanoenergetic materials. For Al

NPs, the reported ignition temperature ranges from 900 K

(below the Al melting point) to 2300 K (close to the melting

point of alumina).15,31,33 The global-temperature increase of

a single Al NP due to light absorption was calculated using

the standard heat-transfer equation.11,34–36 The heat gener-

ated by the light absorption was obtained by integration of

the flash spectrum over the theoretical absorption curve. The

total temperature increase for a single Al NP is <1 K for the

input power of 2 J/cm2. This result suggests that certain ki-

netic or local heating effects in addition to global heating

have contributed to the flash-activated motion and ignition

of the Al NPs.

Positive feedback, initiated by plasmon-resonance-

enhanced local heating and further amplified by the Al oxida-

tion reaction, is suggested to be responsible for sintering the

Al NPs31,37 and rupture of the alumina shell.33,38 Figure 3

FIG. 2. (a) Photothermally driven ignition of Al NPs by a single xenon flash pulse at a frame rate of 100 kHz, at incident power of 1.6 J/cm2. Ignition was iden-

tified in the second image, which was acquired �0.12 ms after the flash incidence. Ignition is spatially localized. Each frame size is 3.8 mm in height� 4.9 mm

in width. (b) Flash power dependence for transition of ignition and motion only with and without the long pass filter cutoff at 540 nm. It shows that UV is more

efficient for motion and ignition (enhanced online) [URL: http://dx.doi.org/10.1063/1.4776660.2].

FIG. 3. Electric-field distributions under the flash illumination for NPs with 2-nm alumina shell and aluminum core at their plasmon resonance. (a) Two contacting

spheres with radii of 35 nm. The plasmon resonance is at 381 nm. (b) Three contacting spheres with radii of 20 nm. The plasmon resonance is at 354 nm. For both

cases, the local electric-field enhancement can reach as much as 80 times, leading to local heat enhancement up to 6400 times as compared to the global heating.

023905-3 Abboud et al. Appl. Phys. Lett. 102, 023905 (2013)
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shows the distribution of the local electric field near the Al

NPs with 2-nm-thick alumina coating at various wavelengths.

In the calculation, the electromagnetic wave was propagating

from left to right. The local fields were clearly enhanced near

the interface between the alumina shell and the Al core. The

location of the enhancement depends on the wavelength of the

incident light and the relative positions of multiple NPs. In the

near UV-region, the electric-field enhancement inside a single

spherical Al NP is less than five times that of the original inci-

dent electric field, while the maximum enhancement in the

two contacting spherical NPs at the plasmonic resonance is

�80, as shown in Figure 3. Since the local heat flux is

DQ ¼ 1=2�0xImð�rÞjEj2, where �0 is the permittivity of the

vacuum, �r is the relative permittivity of Al or alumina, x is

the frequency of the light, and E is the electric field, the local

heat generation can be enhanced up to 6400 times, leading to

a large increase in the local temperature and thus pressure.

For a 5-nm region near the largest enhancement in the Al

NPs, the local temperature can reach �1070 K, which is suffi-

ciently high to activate the local oxidation process. This is

consistent with the results of EDS analyses of Al NPs after the

pure movement and ignition. Positive-feedback processes of

local heating generation and Al oxidation also move and/or

ignite the Al NPs. For the small gaps in the Al NPs pile, the

pressure may increase four to eight times as a result of to the

rapid temperature rise. Thus, the force applied to the Al NPs

pushes them upward.

Figure 4 shows the overall suggested mechanism of the

photothermally activated process. The plasmon resonance

among Al NPs generates a significant amount of local heat.

The oxidation reactions of Al are, thus, activated. Through

positive feedback, a significant increase in the local tempera-

ture and pressure is produced, which results in the motion

and ignition of Al NPs. Since the Al NPs used in the experi-

ments are spherical and slightly oblate, as shown in the SEM

images, the plasmon resonance occurs mainly at the near-

UV and visible ranges. Thus, light in the near-UV range is

more efficient for ignition, in agreement with our experimen-

tal observations.

We reported the properties of Al NPs as an active photo-

thermal media to enhance and control local heat generation,

particle motion, and ignition via LSPR and Al oxidation.

The photothermally activated movement of NPs under a sin-

gle 10 ms pulse from a xenon flash can be as high as 6 mm

from the surface without ignition, which is �105 times

higher than that from femtosecond/nanosecond laser-induced

photothermal ejection of gold nanodroplets. Depending on

the flash power and spectrum, ignition delay by the flash can

be on the order of 0.1 ms, which is �100 times faster than

ignition by conductive heating. Active control by varying the

flash power or UV filtering of the low power xenon flash has

been achieved for both motion and ignition. Both SEM and

EDS measurements of motion-only and after-ignition prod-

ucts indicate significant oxidation of Al NPs occurs through

sintering and bursting after a single flash exposure. Electro-

magnetic simulations indicate that the local heat generation

is significantly enhanced by the local electric field inside and

among the alumina-coated Al NPs. The positive feedback

effects from the local heat generation are amplified by Al ox-

idation. The local heat-induced pressure pulse in the NPs is

responsible for the large movement. The local heating inside

and among the NPs generates and accelerates the ignition.
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