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ABSTRACT

Iron oxide is a unique semiconductor material, either as a single nanoparticle, or as a component of multifunctional
nanoparticles. Its desirable properties, abundance, non-toxicity, and excellent magnetic properties make it a valuable for
many applications. Porous iron oxide nanorods are able to transduce light into heat through the photothermal effect.
Photothermal heating arises from the energy dissipated during light absorption leading to rapid temperature rise in close
proximity to the surface of the nanoparticle. The heating effect can be efficiently harnessed to drive/promote different
physical phenomena. In this report, we describe the synthesis and properties of porous Fe;O, for photothermal
applications. We then demonstrate their use as photothermally enhanced and recyclable materials for environmental
remediation through sorption processes.
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1. INTRODUCTION

The magnetite phase of iron oxide, or Fe;Qy, is an abundant, non-toxic, conductive semimetallic semiconductor with a
band gap of 0.2 eV [1]. These properties are attractive from an economic standpoint, but technological applications of
bulk iron oxides are generally limited due to their relatively unremarkable properties. However, recent research has
shown that at the nanoscale, iron oxide exhibits new or enhanced properties when compared to their bulk form, and
therefore, have enabled new applications. For example, iron oxide nanomaterials have been used as catalysts,
photocatalysts, and as chemical sensors [2-4]. Notably, magnetite particles also have magnetic properties. Fe;O, is
ferrimagnetic in the bulk form, but nanoparticles can also exhibit superparamagnetism [5]. Fe;O4 nanostructures have
also generated significant interest due to their size and shape-dependent magnetic properties and have been used in such
applications as magnetic sensors [6], ferrofluids [7], magnetic resonance imaging (MRI) contrast agents [8], drug
delivery vessels [9], and magnetic hyperthermia [10].

An interesting property of Fe;O4 nanoparticles is its ability to transduce light into heat through the photothermal effect
[11]. Photothermal heating arises from the energy dissipated during light absorption by the nanoparticle. An important
aspect of the photothermal heating is the rapid temperature rise in close proximity to the surface of the nanoparticle. For
a collection of nanoparticles, a significant large scale temperature increase can be observed within minutes due to
collective thermal effects [12]. This heating effect is efficient and can be harnessed to facilitate different physical
phenomena. In this report, we describe the synthesis and properties of porous Fe;O4 nanorods. Subsequently, these
nanoparticles were evaluated as sorption materials for environmental applications by exploiting their photothermal
properties.

2. EXPERIMENTAL SECTION



2.1 Porous Fe;04 nanorod fabrication

The magnetic porous Fe;O, nanorods were fabricated by the oblique angle co-deposition technique [13]. First, a
monolayer made of 500 nm diameter SiO, beads was coated on Si substrate, which serves as a deposition template using
a reported method [14]. The bead-coated substrates were then loaded into a custom built co-resources electron beam
evaporation deposition chamber. Fe,O; and Ag were simultaneously deposited onto the monolayers at a vapor incident
angle of 86° and at a rate of ~ 0.1 nm/s and 0.05 nm/s, respectively. The deposition rates were separately monitored by
two quartz crystal microbalances (QCM) facing directly toward the incident vapor. The deposition was stopped when
the combined QCM reading reached 2 um. The as-deposited samples were then annealed in ethanol/nitrogen
environment at 350 °C for 1 hour in order to reduce Fe,O; to Fe;0,. To obtain the porous Fe;O4 nanorods, the Ag atoms
in the nanorods are gradually etched using 0.05 M KCN (Fischer Scientific, ACS grade) in 99.9% pure methanol (ACS
grade) solvent. The samples were then washed in the distilled water and absolute ethanol for several times to remove any
impurities before characterization.

2.2 Photothermal heating experiments:

The photothermal experimental setup consists of a laser with wavelength 2 = 532 nm (Del Mar Photonics, DMPV-532-1,
beam diameter focused to ~20 pm at 1200 mW), where the beam path is directed onto the top surface of 3 mL
nanoparticle solution contained in a methacrylate cuvette [15]. The cuvette is resting on scale (Mettler Toledo XP205)
that provides dynamic mass measurements. These data are synchronized with the bulk solution temperature data, which
is obtained from an infrared thermocouple (Omega Engineering, OS801-HT). The data is logged using a custom
LabVIEW program.

2.3 Photothermal desorption experiment

3 mL of a 30 uM methylene blue (MB) solution was placed in a cuvette containing a porous Fe;O4 nanorod array on Si
wafer (~1 cm?). The sorption of MB onto the porous Fe;04 nanorod array was measured by monitoring the absorbance
of the MB solution through the sides of the cuvette every 30 minutes for 2 hours. For the dark experiment, the
MB@Fe;0,4 nanorod array is rinsed in a stream of DI water, and placed in a clean cuvette with 3 mL of DI water. The
cuvette is placed in the dark, and the absorbance of the solution was measured through the sides of the cuvette after 30
minutes and 1 hour. After the dark experiment, the MB@Fe;04 NR array is illuminated using the photothermal setup
described in Section 2.3. The absorbance of the solution was measured through the sides of the cuvette every few
minutes.

3. RESULTS AND DISCUSSION

3.1 Morphology and optical properties

As described above in Section 2.1, the porous Fe;O4 nanorods are first fabricated by co-depositing Ag and Fe,O; onto a
SiO, template in a vacuum deposition system, to create Ag-Fe,O; nanorods. The Fe,O; is converted to Fe;O4 by
annealing in a reducing atmosphere, creating aligned arrays of Ag- Fe;O4 nanorods. A representative scanning electron
microscopy (SEM) image of these nanorods is shown in Figure 1a. The obtained nanorods have a featherlike
morphology, and the smaller brighter Ag nanoparticles can be seen dispersed on and within the supporting Fe;O4
nanorods. The Fe;O, nanorods are approximately 1 um in length and have diameters around 300 nm, while the
interspersed Ag nanoparticles have a range of sizes up to around 100 nm. In order to create the porous Fe;O,4 nanorods,
the spherical Ag nanoparticles in the Ag- Fe;O4 nanorods are gradually removed over 60 minutes using a methanol-KCN
etchant. Figure 1b shows an SEM image of the porous Fe;O4 nanorods. As can be seen in the image, the morphology
of the nanorods changes considerably after etching. The surface becomes significantly rougher with a “sponge-like”
appearance. The original Fe;O, nanorod framework remains intact even after the Ag nanosphere dissolution.
Interconnected hierarchical layers of Fe;O4 with hollow openings (pores) can be seen throughout the nanorod volume.



Figure 1. (a)Scanning electron microscopy (SEM) image of the Ag-Fe;O4 nanorod array. (b) SEM image of the porous Fe;04
nanorod array obtained by etching the Ag out of the nanorods seen in Fig. la. The inset shows a higher magnification image of the
porous Fe;O, nanorod morphology. The large spheres in the images are the SiO, beads, which are used as templates for the
nanorod fabrication.

Since the pores are related to the original shape and size of the dispersed Ag nanoparticles, the pores have a range of
different sizes up to 100 nm in diameter.

Figure 2 shows the UV-vis-NIR absorbance spectrum of porous Fe;O4 nanorods dispersed in deionized water. The
spectrum is broadband and mostly featureless. The magnitude of absorbance gradually increases for decreasing
wavelengths over 4 =300 - 1000 nm. The spectrum is consistent with the behavior of dispersed nanoparticles exhibiting
non-resonant absorbance and scattering of light [16]. The increased absorbance over the visible region (1 = 400 - 700
nm), makes these nanoparticles useful for applications which harness ambient light sources, such as solar energy.
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Figure 2. (a) UV-vis-NIR absorbance spectrum of porous Fe;O4 nanorods dispersed in deionized water.



3.2 Photothermal heating

As described above, light absorption in materials can be readily dissipated as heat. Nanoparticles, in particular, can
generate a significant amount of heat and increase temperatures in their vicinities due to their large absorbance cross-
sections [11]. The amount of heat generated by single nanoparticle is directly related to the amount of light that is
absorbed by that nanoparticle, which can be measured experimentally or calculated from electromagnetic theory or by
simulation [17-19]. According to theory, the photothermally-induced temperature rise of a single, isolated nanoparticle
under most illumination conditions may only be on the order 0.06 °C [12]. However, if a sufficient number of
nanoparticles are illuminated, the temperature fields of all of the nanoparticles overlap and create a substantial global
temperature rise [20].

Figure 3a shows the temperature rise of laser-illuminated solutions of pure water and porous Fe;O4 nanorods dispersed
in deionized water. For the porous Fe;O4 nanorods solutions, a noticeable increase in temperature is observed within a
few seconds after the laser is turned on. The temperature increases exponentially and approaches a limiting value until
the laser is turned off. This behavior is consistent with heat diffusion occurring in a dissipative medium [17]. The
maximum solution temperature achieved during the experiment is 7, = 61 °C. The control experiment with laser
illuminated pure DI water shows no perceptible temperature rise, indicating that the photothermal heating seen for the
nanorods is a nanoparticle-mediated effect. Figure 3b shows the mass loss, Am, of the different solutions during the
photothermal heating experiment. The control experiment of pure DI water is indicative of the background evaporation
rate, which is unaffected by the laser. In comparison, the porous Fe;O, nanorods show a much larger change in mass
under illumination, indicating that the laser light produces a larger amount of water vapor during photothermal heating.
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Figure 3. (a) Temperature rise of solution during photothermal heating of dispersed porous Fe;O4 nanorods with a laser, A = 532
nm. The temperature profile of the control experiment, laser illuminated DI water, is also shown. (b) Mass loss of the solution for
dispersed porous Fe;O4 nanorods and for pure water during photothermal experiments.

3.3. Photothermal desorption

The removal of dyes from industrial wastewater is a concern due to their widespread use and the fact that many dyes are
non-biodegradable and toxic. The removal or destruction of methylene blue dye (MB) has become a benchmark test for
different sorbents and photocatalysts in the literature [21]. This is because the loss of MB is easily monitored by its
absorbance peak at L = 664 nm. Dye removal via adsorption onto sorbent media is faster, easier, and more economic
than photocatalytic destruction, and is therefore, the industrially preferred method [22]. However, additional
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Figure 4. Schematics depicting the different steps of the photothermal experiment: (a) Step 1 - methylene blue (MB) is adsorbed
onto porous Fe;O4 nanorod arrays by incubating them in a 30 uM MB solution; (b) Step 2 - MB coated porous Fe;O, nanorod
arrays are rinsed then placed in pure water for 60 minutes to check for dark desorption; (c) Step 3 - the MB coated porous Fe;0,
nanorod arrays in pure water are illuminated with a laser (A = 532 nm) and MB desorbs from the nanorod surface due to
photothermal heating.

improvements in cost and efficiency could be obtained if the sorbent material was regenerable. Since sorption is a
thermodynamically driven process, photothermal heating offers a route to remotely moderate the sorption of materials.

In order to investigate the effect of photothermal heating on dye sorption, porous Fe;O4 nanorods, supported on a Si
wafer, were fabricated as described in Section 2.2. These porous Fe;O, nanorods were loaded with MB dye by
incubating in 30 uM solution for 2 hours (Figure 4, also see Section 2.3 for experimental details). During the loading
experiment, the UV-vis absorbance of the MB solution decreased, indicating capture of the dye molecules by the porous
nanorods (Figure 5a). After MB loading, the nanorods were rinsed and placed in a clean cuvette containing only DI
water. If left in the dark, only trace amounts of MB molecules desorb from the porous Fe;0, nanorods into the DI water
after one hour incubation (Figure 5b). On the other hand, when the porous Fe;O4 nanorods are illuminated with a laser
(A = 532 nm), MB molecules rapidly desorb from the nanorods, as indicated by the appearance of the MB peaks in the
UV-vis spectra (Figure Sc¢). During the photothermal heating experiment, the solution temperatures gradually increase
from 7'=24 °C to T = 47 °C, as measured by the IR thermocouples. The amount of dye released can be quantified by
integrating the spectra shown in Figure 5¢ over A = 550 — 700 nm. The plot of the integrated area versus time is shown
in Figure 5d. It can be seen that the MB peak area initially increase rapidly, but after ~ 10 minutes the MB peak area
decreases, possibly due to photolysis, photocatalysis, photobleaching, or a combination of those. Thus, the porous Fe;0,
nanorods combined with photothermal heating offers a route to remotely capture and release harmful molecules in a
controlled manner. While this experiment was conducted using laser light, more scalable illumination sources, such as
the sun or LEDs could be used to make the process industrially relevant.

4. CONCLUSION
This report describes the synthesis and fabrication of porous Fe;O, nanorods. It was shown that this nanostructure is
capable of transducing heat from light and can generate significant temperature increases in surrounding solutions.
Furthermore, this photothermal heating effect can be employed to improve chemical processes or remotely control some
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Figure 5. (a) UV-vis monitoring of methylene blue (MB) adsorption onto porous Fe;O,4 nanorod arrays. The MB absorbance peak
values decrease as MB is adsorbed onto the nanorods. (b) Dark desorption experiment spectra: MB coated porous Fe;O, nanorod
arrays are placed in pure water. Slight MB peaks emerge over time as trace amounts desorb from the nanorod surfaces. (c)
Photothermal desorption experiment spectra: the MB coated porous Fe;O4 nanorod arrays in pure water are illuminated with a laser
and the MB absorbance peaks rapidly emerge as the MB desorbs from the nanorod surface due to photothermal heating. (d)
Integrated MB peak area versus time for the photothermal desorption experiment.

thermodynamic phenomenon. In the case above, we have demonstrated that the sorption of methylene blue molecules
onto porous Fe;O, nanorods can be remotely controlled by laser irradiation. While this application is related to
wastewater treatment, the photothermal effects of iron oxide based nanoparticles could readily extend beyond
environmental remediation. The magnetic properties and biocompatibility of Fe;O, is desirable for biomedical
applications, in particular. For example, the porous Fe;O,4 nanorods could be loaded with pharmaceuticals instead of dye
molecules, creating a MRI contrast agent that could provide remotely targeted therapeutics. Given their unique properties
and low cost, the use of iron-oxide for photothermal applications could have significant impact in other fields as well.
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