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ABSTRACT: Composite Ag/Fe;0, and porous Fe;O, nanorods with
controlled shape, size, composition, and porosity were fabricated by
oblique angle codeposition as well as subsequent annealing and
chemical etching. The codeposition supplies a way to evaporate two
materials simultaneously to form composites, which would lead to a
greater variety of nanorods. The composite Ag/Fe;O, and porous
Fe;0, nanorods showed ferromagnetism, tunable optical properties,
and strong carrier capability, which are believed to benefit the
applications of biosensing, bioimaging, catalysis, targeted drug delivery,

and therapeutic agent.

B INTRODUCTION

Fe;0, nanostructures (NSs) possess remarkable properties of
low cost, low toxicity, and unique magnetism." They have
recently become the most popularly used magnetic materials in
various fields includin biotechnology,z_4 biosensing,5 catal-
ysis,” magnetic fluids,” separation techniques,® energy stor-
age,”'’ and environmental remedy.'' The performance of
Fe;O, NSs is pertinently affected by their morphology, size,
structure, and surface properties. For example, as carriers for
targeted drug delivery, porous Fe;O, nanoparticles (NPs) are
excellent due to their efficient delivery of theranostic agents
and magnetic targeting ability.'” Moreover, porous Fe;0, NPs
could improve both the drug loading ratio and the therapeutic
efficiency.'” On the other hand, Fe;0, NPs doped with carbon
significantly increased the conductivity when Fe;0, NPs were
used for capacitor electrodes."* In addition, metal/Fe;O,
composite NPs are particularly of interest because the metal
surface can be easily functionalized with other small molecules,
functional ligands, or biomolecules,"”~"” which could easily
assemble multifunctional hybrid NSs for wide applications. In
this regard, much attention has been focused on the
development of efficient fabrication/synthesis approaches to
produce shape-, size-, and composition-controlled Fe;O, NSs,
especially porous and composite NSs.'*™>° Often composite
Fe;O, NSs are mainly prepared via chemical synthesis
processes, including coprecipitation, hydrothermal synthesis,
thermal decomposition, sol—gel synthesis, sonochemical syn-
thesis, microemulsion, electrochemical synthesis, electrospray
synthesis, and bacterial and microorganism synthesis.”"**
Complicated protocols and operations are required in these
methods, while the shape, size, composition, etc., still cannot
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be precisely controlled due to the uncertainty in chemical
reaction processes. Facile and versatile preparation methods of
composite and porous Fe;O, NSs with desirable properties are
in great demand.

In this work, composite Ag/Fe;O, nanorods (NRs) and
porous Fe;O, NRs with controlled shape, size, and porosity
were fabricated based on a simple and versatile oblique angle
codeposition (OACD) technique. Ag and Fe;O, were
codeposited at an incident angle of 86° onto SiO, nanosphere
arrays, forming Ag—Fe,O;—Fe;O, composite NRs. After
annealing, Fe,O; was transformed to Fe;O, and Ag/Fe;O,
NRs were obtained. Ag was then selectively etched, generating
porous Fe;O, NRs. During codeposition, by changing the
relative deposition rates of the two materials, the composition
of the resulting composite NSs can be tuned systematically.
The magnetic and optical properties as well as the molecular
adsorption capacity of the composite Ag/Fe;O, NRs and
porous Fe;O, NRs show that composite Ag/Fe;O, nanorods
(NRs) and porous Fe;O, NRs have great potential in catalysis,
targeted drug delivery, and therapeutic agent.

B METHODS

Fabrication of Composite Ag/Fe;0, Nanorods. SiO,
monolayers with diameters of 500 and 800 nm were prepared
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Figure 1. (a) Schematic of the fabrication configuration. (b—d) Material transformation processes from composite Ag/Fe,O; NRs to composite
Ag/Fe;0, NRs and then to porous Fe;O, NRs. Representative SEM images of the (e, h) as-deposited samples, (f, i) composite Ag/Fe;0,, and (g,
j) porous Fe;O, NRs. Red arrows indicate the Ag NPs on the surface of NRs. (k) XRD patterns of the as-deposited (black), annealed (composite

Ag/Fe;0,, red), and etched (porous, blue) NRs.

on glass substrates using an air—water interface method as
previously reported.”> The SiO, monolayers were then loaded
in a custom-built dual-source electron deposition system
(Pascal Technology), and the deposition configuration is
shown in Figure 1a. The vapor incident angles of Ag and Fe;0,
with respect to the substrate normal were 86°. The deposition
chamber was pumped down to a base pressure of <1 X 107
Torr. The deposition rate and total thickness of each
evaporation source were monitored using two quartz crystal
microbalances (QCM) independently while tuning the
deposition rate Ry,:Rp.o, = 1:2 and 1:1. The as-deposited

samples were annealed in N,/EtOH at 350 °C for 1 h.
Composite Ag/Fe;0, nanorods were formed.

Fabrication of Porous Fe;0, Nanorods. The samples
after being annealed were then etched to remove Ag. The
etchant solution used was 0.05 M KCN (Fisher Scientific, ACS
grade) in 99.9% pure methanol (ACS grade) solvent. The
samples were etched for different time durations of 1, 3, 5, 10,
15, 20, 40, and 50 min. All of these samples were etched by
holding them using clamps with nanorods facing down in the
etchant solution under magnetic stirring. Then, the samples
were washed in distilled water and absolute ethanol several
times to remove the impurities before characterization.

Characterization. The optical transmission spectra (T)
were measured using an ultraviolet—visible spectrophotometer
(UV—vis, Jasco-750). Extinction spectra were obtained
according to the equation E = —In(T). High-resolution
scanning electron microscopy (SEM) was carried out using a
Hitachi SU9000 STEM/SEM (Hitachi, Chatsworth, CA, USA)
at 30 kV equipped with an Oxford solid state EDS detector
(Oxford Instruments, Concord, MA, USA). The crystal
structures were characterized using a PANalytical X'Pert
PRO MRD X-ray diffractometer (XRD) with a fixed incidence
angle of 0.5°. The field dependence of magnetization was
measured by a vibrating sample magnetometer (VSM, model
EZ7; MicroSense, LLC).

B RESULTS AND DISCUSSION

Ag/Fe;O4 NRs were fabricated by a codeposition method at a
large incident angle and subsequent annealing. The fabrication
configuration of the codeposition process is shown in Figure
la. First, a hexagonally close-packed SiO, nanosphere
monolayer was assembled by an air/water interface method.”*
Then, the monolayer-coated substrates were loaded in a
custom-built dual-source electron deposition system. Ag and
Fe;0, were deposited simultaneously onto the SiO, nano-
spheres with an incident angle of 86°. NRs would grow on the
SiO, nanospheres due to the self-shadow effect and self-
alignment (Figure 1b).”> Then, the as-deposited samples were
annealed in N,/EtOH with 350 °C and 1 h to tune the Fe,O,
to Fe;O,, obtaining composite Ag/Fe;O, NRs (Figure 1c).
Porous Fe;O, NRs can be achieved by etching the composite
Ag/Fe;0, NRs in KCN to remove Ag (Figure 1d).

Figure le and 1h shows the SEM images of the samples after
codeposition. The diameter of the SiO, nanosphere was 500
nm, and the ratio of the deposition rate of Ag and Fe;O, was
1:2. Clearly, all of the NRs were formed on top of the SiO,
nanospheres and tilted with respect to the surface normal. The
length (L) and diameter (D) of the NRs were 1.40 + 0.0S ym
and 400 + 20 nm, respectively. There were visible Ag NPs on
the surface of NRs (indicated by the red arrows in Figure 1h)
whose average diameter was determined to be 100 + 7 nm.
The size of the inner Ag NPs was inferred to be <100 nm. The
elements O, Ag, and Fe were identified in the as-deposited
samples by energy-dispersive X-ray spectroscopy (EDS) whose
atom ratio was 13:4:5. Typical X-ray diffraction (XRD)
patterns of Ag are shown with the black line in Figure 1k,
indicating the formation of crystals in the NRs. No other XRD
patterns of the as-deposited samples appeared because Ag
occupied the surface and covered the XRD peaks of other
crystals. We note that Fe,O; may exist in the as-deposited
samples. After annealing, as shown in Figure 1f and 1i, the
overall L and D of the NRs remained the same, while more Ag
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Figure 2. (a, b) Bright-field TEM images of the porous Fe;O, NRs. (c) Dark-field TEM image of a single porous Fe;0, NR. EDS mapping of (d)

O/Fe/Si, (e) O, (f) Fe, and (g) Si.

NPs appeared to be segregated to the surface of the NRs with a
similar diameter (indicated by the red arrows in Figure 1i).
The atom ratio of O, Ag, and Fe was 20:3:5. The increase of
the O atom ratio and decrease of the Ag atom ratio were due
to Ag being annealed to larger NPs and more Fe;O, exposed.
In the XRD pattern (red curve in Figure 1k), all of the Ag-
related crystal peaks became more prominent and extra peaks
from Fe;O4 (S11) and Fe;0, (422) appeared, indicating the
formation of Fe;O, nanocrystals, i.e., the as-deposited NRs
were transformed to Fe;O, and composite Ag/Fe;O, NRs.
The SEM images of the samples after being etched for 50 min
are shown in Figure 1g and 1j, revealing that the surface of the
NRs became rather rough and exhibited clear porosity, and the
NPs on the surface disappeared. The L and D of the NRs still
remained as 1.40 + 0.05 ym and 400 + 20 nm, respectively.
The atom ratio of Ag in EDX became zero, and no XRD peaks
of the Ag crystals were observed (blue curve in Figure 1k),
indicating that the Ag in the composite NRs was completely
removed. The Fe:O atomic ratio was still 5:20, indicating that
Fe;O, would not be lost in the etching process. In the XRD
pattern multiple Fe;O, crystalline peaks at (220), (311),
(400), and (440) became distinct. However, the crystalline
quality of the resulting porous Fe;O, NRs was not high since
the relative intensities of these crystal peaks were low and the
XRD pattern was noisy, which may be due to the fact that the
etching destroyed the crystal structure and generated much
smaller Fe;O, crystals or amorphous Fe;O, NRs. Further
annealing could improve the crystal quality of the porous
Fe;0, NRs. The roughness and porosity can be controlled by
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the Ag/Fe;0, ratio and etching duration. The diameter and
length of the NRs depend on the sphere size and deposition
surface mass, respectively, which both can vary from below 100
nm to several micrometers.””*’

The quality of the porous Fe;O, NRs was further examined
by high-resolution SEM and element mapping as shown in
Figure 2. To obtain these SEM images, the NRs were first
sonicated in EtOH and then dispensed on the TEM grid.
Figure 2a and 2b shows that even though the NRs became
highly porous, they were still attached to the silica nano-
spheres. All of the Fe;O, portions of NRs showed dense
pinholes. EDS mappings showed a well-defined element
distribution (Figure 2c—g), where O appeared in both the
NRs and the nanospheres, Fe was only observed in the NRs,
and Si only existed in the nanospheres. Again, the distribution
of Fe showed clear porosity.

Clearly by changing the nanosphere and relative deposition
ratio of Ag and Fe;O,, one can fabricate different composite
Ag/Fe;0, and porous Fe;O0, NRs. For example, using 800 nm
nanospheres and a deposition rate ratio of 1:1, composite Ag/
Fe;O, NRs with different diameters (~600 nm) and
composition as well as porous Fe;O, NRs with different
pore sizes were fabricated (see Figure S1 in the Supporting
Information (SI)), demonstrating the generality of the
fabrication method for varied composite and porous NRs.
These NRs were fabricated by a physical deposition process
with no mask and avoiding uncontrolled chemical reactions.
Thus, this fabrication method is versatile, inexpensive, and
capable of patterning large areas in parallel at low cost. It can

https://doi.org/10.1021/acs.jpcc.1c02843
J. Phys. Chem. C 2021, 125, 11750—11755


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02843/suppl_file/jp1c02843_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c02843/suppl_file/jp1c02843_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02843?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02843?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02843?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c02843?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c02843?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

be applied with only less sophisticated equipment yet with
good control of the main structural parameters.

The magnetization property of the porous Fe;O, NRs
shown in Figure lg was measured by a vibrating sample
magnetometer (VSM) at room temperature, and the magnetic
hysteresis loop is shown in Figure 3. A significant hysteresis
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Figure 3. Magnetization hysteresis loop of porous Fe;O, measured at
room temperature.

loop in the M—H curve indicated the ferromagnetic behavior
of the porous Fe;O, NRs. The saturation magnetization (M,),
coercivity (H.), and retentivity (M,) were obtained to be 24.64
emu/g, 285.64 Oe, and 6.42 emu/g, respectively. The
measured value was much smaller than the theoretical one
for bulk Fe;O, (92 emu/g) at room temperature.”® The
difference can be attributed to the low crystallization and
possible size effect on magnetization which significantly

lowered the magnetic performance of the porous Fe;O,
NRs.%*??30 Tg increase the ferromagnetism, further anneal-
ing may be applied for the larger crystal structure of Fe;O,.
The ferromagnetic behavior makes the NRs easy to be
manipulated and collected and could have potential
applications as a drug carrier, for biolabeling, for photo-
catalysis, etc.

The optical extinction (E) spectra of the as-deposited,
annealed, and etched (different durations) NRs shown in
Figure 1 are plotted in Figure 4a. The E spectra for both the as-
deposited and the annealed samples showed broad-band high
extinction across the visible to near-infrared wavelength region.
Such broad and high extinction spectra are due to the
absorption of light by localized surface plasmon resonance
(LSPR) of various sized Ag NPs and the scattering of the Ag
NPs as well as the NRs. The E of the annealed sample was
slightly higher than that of the as-deposited sample since due
to the annealing more Ag NPs were formed and segregated
onto the surface, leading to stronger LSPR absorption and NP
scattering.”' However, the E spectra of the annealed sample
versus etching duration t showed a very interesting relation-
ship: the overall E value first decreased with t and then
increased later. A quantitative trend can be revealed when the
Eat A =495 nm (E,y;) was plotted as a function of ¢ as shown
in Figure 4b. In the beginning, E,o started at 1.78 at t = 0 min,
dropped monotonically with etching duration, and reached a
minimum of 1.51 at ¢ = 10 min. At ¢ > 10 min, E,y increased
monotonically with ¢ and restored to 1.88 at t = S0 min when
Ag was completely removed. The decrease of E,g5 before t = 10
min was due to Ag etching, i.e., that both the size of the Ag
NPs and the amount of Ag materials became less in the NRs
and the absorption due to LSPR and the scattering due to the
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Figure 4. (a) E of the as-deposited, annealed, and etched samples for ¢ = 1, 3, S, 10, 15, 40, and SO min. (b) Plot of E,y with the etching duration.
(¢) E of the initial MB solution, MB solution with composite Ag/Fe;O, NRs for t = 30, 60, and 90 min, and MB solution with porous Fe;O, NRs
for t = 30, 60, and 90 min. (d) Plot and curve fitting of AC as a function of the adsorption time.
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NPs became less and less significant. However, at ¢ > 10 min,
though there were still Ag NPs, compared to the pore size
formed in the NRs, the absorption and scattering due to the Ag
NPs became negligible; rather the scattering and light trapping
by the pores became more and more significant, which made
the values of E higher. However, the E of the porous Fe;O,
NRs was much lower than that of the annealed composite Ag/
Fe;O, NRs, demonstrating that the LSPR effect of the Ag NPs
played a more significant role in determining the optical
property compared to the light trapping and scattering by the
pores. The composite Ag/Fe;O, NRs and porous Fe;O, NRs
with tunable optical properties indicated the promising use in
light trapping and optics.

The composite and porous NRs are ideal materials for dye
adsorption, which was investigated by methylene blue (MB).
Figure 4c shows the initial and time-dependent E spectra of the
MB solution for composite Ag/Fe;O, NRs (Ecompome) and
porous Fe;O, NRs (Epomus). The E spectrum for MB showed a
distinct peak at A = 664 nm. When the composite Ag/Fe;0,
NRs and porous Fe;O, NRs were added into the initial MB
solution and as t increased, both E and E decreased

composite porous
while E was always higher than E The concen-

composite porous*

tration loss (AC) of MB with t was calculated by tracking the
change of E ymposite and Epgrous at 4 = 664 nm, as shown in
Figure 4d. The calculation was based on the calibration curve
obtained from UV-—vis extinction spectra of MB aqueous
solutions with known concentrations using E at A = 664 nm
(Figure S2). AC omposite a1d AC,q0,s increased monotonically
with t and reached a saturation value during t = 60—90 min. In
this process, AC,y, remained larger than AC,mposices
indicating that MB was adsorbed faster to the porous Fe;O,
NRs than to the composite Ag/Fe;O, NRs. Such a trend is
consistent with the molecular adsorption kinetics on a surface

and can be fitted by the following kinetic equation
AC = AC[1 — e Ht=%)]

where AC, is the saturation concentration loss, k is the
adsorption rate constant, and ¢, is the initial time of adsorption.
From Figure 4d, the adsorption rate constants, k, were
determined to be 0.075 and 0.111 min™" for composite Ag/
Fe;0, NRs and porous Fe;O, NRs, respectively. Clearly, the
MB adsorption rate to porous Fe;O, NRs is significantly larger
(~1.5-fold) than that of the composite Ag/Fe;O, NRs. The
fast adsorption and large loading capability with the
ferromagnetism make the porous Fe;O, NRs promising drug
carriers for therapeutic agents.

B CONCLUSIONS

In summary, composite Ag/Fe;0, and porous Fe;O, NRs with
ferromagnetism, tunable optical properties, and strong carrier
capability were fabricated by a simple and efficient oblique
angle codeposition technique. The structural parameters can
be better controlled than those prepared by the conventional
chemical processes. Moreover, more materials can be doped
with Fe;O, through this fabrication method, forming func-
tional composite materials. The composition ratio also can be
easily tuned by the deposition process. Simultaneously, the
porosity of the Fe;O, NRs can be controlled by the
composition ratio. The composite Ag/Fe;O, and porous
Fe;O0, NRs with improved performance and easy magnetic
manipulation are believed to offer great potential for
biotechnology, biosensing, catalysis, magnetic fluids, separation

techniques, energy storage, and environmental modification.
We have concentrated here on the Ag-doped Fe;O, NRs but
should mention that this fabrication method also provided the
opportunity for pursuing better performance for composite
Fe;O, NRs with different materials. The materials with unique
properties will lend the Fe;O,-based NPs more functionalities
and applications.
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