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ABSTRACT: Iron-oxide nanoparticle monolayers and multilayers were assembled using dc electrophoretic deposition. The rate of
deposition and the total particle deposition were controlled by varying the concentration of nanoparticles and the deposition time,
respectively. Using scanning electron microscopy, we performed a time-resolved study that demonstrated the growth of the
monolayer from a single isolated nanoparticle to a nearly complete layer. We observed tight, hexagonal packing of the nanoparticles
indicating strong particle�particle interaction. Multilayer growth was assessed using scanning electronmicroscopy and atomic force
microscopy, revealing a monolayer-by-monolayer growth process.
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Studies of nanoparticle (NP) monolayer formation have been
motivated by potential applications of the films in magnetic

storage, surface-enhanced Raman scattering (SERS) coatings,
biosensors.1�4 Potential applications of NP monolayers rely on
fabrication techniques that are facile, rapid, and site selective.
Three of the most common techniques used to create monolayer
films are Langmuir�Blodgett, ligand-mediated self-assembly,
and evaporative self-assembly.5�14 In this article, we demonstrate
monolayer formation using an alternative technique, electro-
phoretic deposition (EPD). EPD is a rapid, scalable technique
often used for the fabrication of homogeneous and dense thin
films.15�25 EPD using ac fields has frequently been employed to
create monolayers.26,27 In ac-EPD, electrohydrodynamic flow of
the solvent, in which the NPs are dispersed, causes lateral motion
of NPs. The lateral motion of the NPs facilitates monolayer
assembly in ac depositions. In contrast, we have created mono-
layer films through EPD with dc electric fields. To the best of our
knowledge, this is the first observation of ordered, nanosphere
monolayer formation using EPD in nonmetallic systems.28

In 1993, dc-EPD (hereafter, EPD) was used to formwell-ordered
monolayers of citrate-stabilized gold nanoparticles.29 Then in
1997, platinum NP monolayers were formed through dc fields.30

In our work, by controlling both the deposition rate and the total
particle deposition, we present the step-by-step formation of an
iron oxide NP monolayer and multilayer through EPD.

’NP SYNTHESIS & CHARACTERIZATION

FeO/Fe3O4 core�shell NPs were synthesized using thermal
decomposition31 of an iron oleate precursor in the presence of
oleic acid. First, we synthesized the oleate precursor by mixing
2.17 g of FeCl3 6H2O (Sigma Aldrich) and 7.30 g of sodium
oleate (Sigma Aldrich) with 16 mL of ethanol (Pharmco-
AAPER) 28 mL of hexane (Fisher), and 12 mL of deionized
water. We then heated the mixture to 70 �C and maintained this
temperature for four hours. Next, we synthesized the NPs by
thermal decomposition of a solution containing 1.6 mmol of iron

oleate and 0.8 mmol of oleic acid in 10 mL of 1-octadecene
(Sigma Aldrich). We mixed the solution and degassed it at
100 �C for 30 min, whereupon we heated the solution at a rate
of 3 �C/min to 320 �C.We finally refluxed the solution for 45min.

The nanocrystals were characterized using a variety of diag-
nostic techniques prior to experiments. High-resolution trans-
mission electron microscopy images (TEM) were collected on a
Philips CM20 microscope operating at an accelerating voltage of
200 kV. TEM samples were prepared on a copper grid covered
with ultrathin carbon type-A film (Ted Pella, Inc.). X-ray
diffraction (XRD) measurements on powders of the NPs were
obtained using a Scintag X1 Θ/Θ powder X-ray diffractometer
under irradiation from a Cu Kα source (λ = 1.5406 Å). The
samples were cast onto a zero-background Si(511) substrate for
the measurements. Absorption spectroscopy was conducted on a
Varian Cary 5000 UV�vis�NIR spectrophotometer. Electro-
phoretic mobility and hydrodynamic diameter measurements of
the NP suspensions were performed on a Malvern Zetasizer
Nano ZS. The electrophoretically deposited films of NPs were
characterized through scanning electron microscopy (SEM) on a
Raith eLine as well as a JEOL JSM-6701 F operating at 5 kV and
through atomic force microscopy (AFM) on an Agilent 5400
series atomic force microscope in tapping mode with NSC15
AFM tips with a probe radius of 10 nm.

’EXPERIMENT & DISCUSSION

The XRD data, shown in Figure 1a, revealed FeO peaks
(w€ustite JCPDF #46�1312) and spinel phase iron oxide, com-
prised either of γ-Fe2O3 (maghemite JCPDF #39�1346) or of
Fe3O4 (magnetite JCPDF #19�0629). Scherrer analysis of
these peaks suggested a NP core diameter of 7 ( 3 nm and a
shell thickness of 4 ( 2 nm, resulting in a net NP diameter of
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15( 7 nm. Since XRD cannot easily discern between γ-Fe2O3 or
Fe3O4, we performed complementary absorption spectroscopy
measurements on the NPs. Fe3O4 possesses well-known absorp-
tion features in the IR that are not present inγ-Fe2O3. The strong
absorption below ∼640 nm and the moderate absorption in the
IR region, peaking at ∼1300 nm (Figure 1b), confirm that the
shell layer of the NPs consists of Fe3O4.

32 TEM micrographs,
shown in Figure 1c, revealed monodisperse core�shell NPs with
a mean diameter of 16.5 ( 1.2 nm, and an error in fitting the
mean of 0.1 nm. This value, within uncertainty, is comparable to
the diameter as determined by XRD.

To perform the monolayer deposition, we first mounted two
rectangular, epitaxial, doped Si wafers parallel to each other with a
5 mm wide gap between the two wafers (Figure 2). Each wafer
was 1� 0.5 cm2 in size. Using the wafers as electrodes, we applied
a 500 V potential across the 5 mm gap. The electrodes were then
slowly (duration ∼20 s) inserted ∼2.5 cm into a suspension of
well-dispersed iron oxide NPs in hexane with a 1 mg/mL
concentration. We partially extracted the electrodes by 3 mm
four times during the deposition (∼20 s,∼50 s,∼100 s,∼140 s)
before extracting the electrodes completely after ∼180 s. The
500 V potential remained on for 3 min after complete extraction
to facilitate drying of the solvent.22,24,33,34 Thereafter, we turned
off the voltage supply. This stepwise extraction resulted in a film
containing five distinct regions that differ only by the amount of
time said region remained in the NP solution. By imaging each
region of the film using a SEM, we were able to observe film
growth as a function of deposition time. Two types of NP films
were created using the aforementioned technique, one which
formed a nearly complete monolayer (monolayer film) and
another which formed multiple layers (multilayer film). We
controlled the total nanoparticle deposition by varying both
the charged nanoparticle concentration and the deposition time.
Charged nanoparticle concentration is controlled by depositing
particles prior to depositing the films assessed below, and results
in an immeasurable change in total concentration. Our discussion

will first focus on the formation of NP monolayers, followed by
NP multilayer films.

The chronology of the growth of a NP monolayer film is
displayed in Figure 3. The figures depict representative regions of
the film at three stages of the monolayer formation. Using these
images, we have extracted information regarding the formation of
the film, which allows for better understanding of EPD film
formation. Figure 3a displays the region of the NP film after 20s
of deposition, the shortest deposition time in the experiment.
As can be seen, many of the NPs arranged to form clusters; some
particles deposited singly onto the electrode. These isolated
particles confirmed that the NPs were well dispersed as mono-
mers in suspension. Dynamic light scattering data on the EPD
suspensions supported this conclusion; the average hydrody-
namic diameter for the nanoparticles (Figure 4) was 17 nm (
3 nm, comparable to the diameter determined from TEM. Based
on this evidence, we assert that the NPs experienced uniform
electrophoresis toward the electrodes. Despite this assertion, the
particles did not exhibit a uniform, evenly dispersed deposition
onto the substrate. From these observations, we conclude that
the initially well-dispersed NPs must have experienced lateral,
attractive interactions between each other during the electro-
phoretic process to form the observed clusters. These interac-
tions may have occurred at the electrophoretic double layer near
the surface of the electrode or on the surface of the electrode
where the NPs possessed some lateral, two-dimensional physical
mobility prior to irreversibly depositing.16,17,35

Closer inspection of the clusters revealed that the nanoparti-
cles formed a two-dimensional hexagonal packing arrangement.
To verify this, we performed a Fourier transform (Figure 3a,
bottom inset) on the magnified region of Figure 3a. The Fourier

Figure 1. (a) XRD of NPs with w€ustite and spinel phase peaks of iron
oxide identified, corresponding to the core and shell of the NP,
respectively. (b) Absorption curve confirmed the spinel phase is
Fe3O4. (c) TEM of our typical NP, showing the core�shell structure.

Figure 2. Schematic of electrophoretic deposition process. Two elec-
trodes are mounted to form a parallel plate capacitor. A voltage was
applied, and the electrodes were inserted into a solution of hexane and
iron oxide NPs.
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transform consists of an 18 point ring. A single hexagonally
packed domain of nanoparticles should contain six points, evenly
spaced around in a ring. Thus, the Fourier transform in Figure 3a
indicated the presence of three domains of hexagonally packed
particles. From this we assert that three initially independent
clusters of NPs, each with different crystallographic orientations
and, hence, comprised individual domains, have merged together.

Lastly, we noted how closely the nanoparticles were packed.
A small visible gap existed between the nanoparticles within a
hexagonally packed domain. We quantified the center�center
spacing between the particles in the SEM micrographs by
measuring the edge-to-edge distance of chains of NPs contained
within a hexagonally packed domain. We only included in the
data set chains at least six NPs long to minimize error associated
with identifying the location of a particle’s edge. The average
center-to-center spacing between hexagonally packed particles,
CtC, yielded a value of 17.3( 0.1 nm. This yielded an edge-to-edge
spacing of 0.8( 0.1 nm (see the Supporting Information). Fourier
transform data and particle spacing measurements indicate
that particle�particle interactions gave rise to local (up to ∼150
particles), tightly packed arrangements among the nanoparticles.

The next image, Figure 3b, depicts nanoparticle deposition
after 97 s. We first noticed that a complete absence of isolated
nanoparticles existed in the layer. As additional NPs reached the
surface of the electrode, nearly every deposited particle became
incorporated into a cluster. Second, the individual clusters
combined to form a continuous network of clusters. Clusters
frequently appeared to connect by forming thin chains of NPs
that link neighboring clusters. The network created by these
chain structures may have been driven by electric field gradients
emanating from and ambient to NPs in the monolayer.36�40

Such large field gradients emerging from a single NP at the end of
a chain or at the vertex of a cluster of NPs can act as a focal point
for the aggregation and subsequent deposition of nanoparticles
in the monolayer. Therefore, the observed cluster network and
chain growth likely arose from the large gradient fields emanating
from the NPs in the nonpolar suspension environment.

Figure 3c is an image of the nanoparticle deposit after 180 s,
the final region examined in the monolayer film. The majority of
the large voids in the film were filled; only relatively small
voids remained. Interestingly, the film formation remained two-
dimensional during the completion of the formation of a mono-
layer. For this to occur, presuming isotropic deposition of the
NPs from a uniform suspension (even if the absolute

concentration had changed from the initial concentration),
NPs that normally would have deposited to create the second
layer must have possessed sufficient lateral mobility to migrate
toward the voids in the underlying monolayer, subsequently
filling in the space, or must have dislodged other NPs from their
positions to burrow into the extant, underlying monolayer.
Gradient electric fields from isolated NPs and small NP clusters
alsomay have drawnNPs into themonolayer, thus preserving the
two-dimensional growth. Whatever the exact mechanism was,
nanoparticles were driven to occupy voids in the monolayer
before the beginning of the formation of the next layer, the
bilayer.

The images of Figure 3 facilitated the assessment of the time
dependence of the film formation, which can reveal information
about the conditions of EPD. We measured the nanoparticle
density of the film by counting the number of particles per area
observed under SEM. For each time interval, a minimum of five
images were selected for analysis from random sections of the
film. The results (Figure 5) indicated a linear increase in
nanoparticle density in the monolayer as a function of time.
The slope of the line, 7.0 � 106 ( 2.0 � 106 particles/s mm2,
represents particle flux rate, whereas the intercept 1.2 � 109 (
2.0 � 108 particles/mm2, indicates the initial particle flux was
much higher. Sarkar and Nicholson explored the time depen-
dence of material deposition in EPD film formation using polar
solvents, measuring the total deposited weight of the materials in
a film rather than the particle density that we measured here.20

In their work, they explored four possible EPD conditions—
constant voltage/constant particle concentration, constant voltage/
variable concentration, constant current/constant concentration,
and constant current/variable concentration—that could give
rise to notably different time dependences of the total deposited
weight.20 Our result is most consistent with deposition under
constant voltage and constant concentration conditions.

A possible explanation for this lies with the mobility of the
nanoparticles. We estimated the time it takes for a single positive
particle to traverse the 5 mm gap (d) between the electrodes by
employing the average value of the electrophoretic mobility (μ�
v/E, Figure 4b) of the suspension and the voltage applied during
EPD (E = V/d), assuming a parallel plate configuration with a
spatially and temporally constant electric field. The result,∼30 s,
suggests that the majority of the charged nanoparticles that
initially existed within the gap between the electrodes had likely
reached the electrode within this period. This is supported by

Figure 3. Chronological growth of a single monolayer. (a) After 20 s of deposition, clusters form into hexagonally packed domains. The upper inset
shows a magnified section of the image, and the lower inset shows a Fourier transform of the upper inset�three hexagonally packed domains create the
ring composed of 18 dots. (b) After 97 s, the film has grown into a network by merging of clusters. (c) After 180 s, particles deposit within voids of
network to form a nearly complete monolayer; no three-dimensional growth is observed. (Inset scale bar, 200 nm; solution concentration, 1 mg/mL).
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mobility measurements of the solution before and after EPD (see
the Supporting Information). As no visible flocculation appeared

and dynamic light scattering measurements of particles size
remained constant before and after EPD, we assume that all
particles that reached the electrode also deposited. This could
explain the large particle flux at the beginning of the deposition.
Nanoparticles that subsequently deposited after this initial 30 s
arrived in the electrode gap region could have originated from a
number of sources, for example the diffusion of charged nano-
particles from the EPD suspension outside of the electrodes into
the gap region or the deposition of nanoparticles with notably
weaker mobility than those that initially deposited.41�44

With the basis of monolayer formation addressed, we shift our
attention to multilayer film formation, as depicted in Figure 6.
For these experiments, the NP deposition rate was markedly
larger (1.0 � 109 ( 7 � 108 particles/s mm2) than that for the
monolayer film because of an increased concentration of charged
nanoparticles. Figure 6a shows deposition after 10 s; cluster
formation and chain growth to create a network were clearly
visible. In Figure 6b, 32 s of deposition are shown, in which the
network incorporated nearly every NP. In Figure 6c, new
behavior emerged after 64 s of deposition. With the voids nearly
filled, NPs began depositing on top of the initial monolayer,
forming a bilayer. NPs that formed the bilayer were distinguish-
able from those in the monolayer under SEM, as they are brighter
than the underlyingmonolayer nanoparticles because of charging
effects during SEM imaging.

We observed continued bilayer growth in Figure 6d, a region
that constituted 100s of NP deposition. Cluster growth occurred
in the bilayer; however, the formation of those bilayer clusters did
not exactly mirror the growth of the underlying monolayer.
Networking among the clusters was not nearly as extensive.
Voids in the underlying monolayer appear to have prevented the
bilayer from evolving into a completely filled layer, as the edges of
many bilayer regions corresponded to the edges of voids in the
underlying monolayer. This suppressed the growth of NP chains
that facilitated the networking of NPs, as was observed in the
monolayer images. Figure 6e represents the deposited film after
130s and displays hexagonally packed clusters in the nearly
complete overlying bilayer. Voids in the first monolayer, which
stunted the development of the bilayer, are readily apparent on
the right side of the image.

Figure 5. Particle density versus time for monolayer deposition, the
slope of the line gives particle flux. A linear result is consistent with
deposition at a constant voltage.

Figure 6. Chronology showing growth ofmultilayer film. (a) Initial growth ofmonolayer. (b) Clusters began to networkwithin themonolayer. (c)Monolayer
growth nearly completed and bilayer (brighter regions) growth had begun. (d) Bilayer particles packed hexagonally, voids in the underlying monolayer appear
to have inhibited the network of the bilayer. (e) Bilayer growth appeared tohave been suppressed by larger voids in underlyingmonolayer. (f) AFM image of the
same region of film depicted in e. The bilayer appeared to be nearly complete. The firstNPs of the trilayer had deposited onto the film.Collectively, these images
support a monolayer-by-monolayer film formation process. (Scale bar and inset scale bar for images a�e = 200 nm; solution concentration, ∼1 mg/mL).

Figure 4. (a) Hydrodynamic diameter distribution of NPs in the EPD
suspension. The average diameter is 17 nm( 3 nm. (b) Electrophoretic
mobility of our EPD suspension. The distribution of charged NPs is
nearly uniform.
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Figure 6f shows an atomic forcemicrograph of the film after 130s
of deposition. Highlighted in this image are the exposed, underlying
monolayer a nearly complete bilayer and the very beginning of a
trialyer. Line profiles of the image indicated that the step height is
one particle diameter from the monolayer to bilayer and bilayer to
trilayer. Interestingly, the trilayer did not appear to form until the
underlying bilayer had nearly completed, as was observed for
the bilayer-atop-monolayer formation. This leads additional credence
to the assertion that the film formation for these iron oxide nano-
particles followed a monolayer-by-monolayer growth process.

’CONCLUSIONS

We have fabricated monolayer films of w€ustite/magnetite core/
shell nanoparticles using electrophoretic deposition. By varying the
concentration of charged nanoparticles within the solution and by
controlling the time of the EPD, we controlled both the rate of
deposition and the total nanoparticle density in the film. Nearly
complete monolayer and multilayer films were produced that
illustrated tightly packed, hexagonal arrangements among the NPs,
strongly suggestive of possible magnetic interactions (dipole�
dipole) among the NPs. The calculated deposition rates and the
electrophoretic mobility measurements provide support for a pos-
sible explanation behind the production ofmultilayer films, given the
consumption and depletion of charged nanoparticles between the
parallel plate electrodes. Evidence of ordered monolayer films and
the ease of creating multilayers based on said monolayers provide
substantial promise for future device applications, ones for which the
facile assembly of macroscopic, tightly packed, ordered casts of
nanoparticles, i.e., a crystal of nanocrystals, could be transformative.
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