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ABSTRACT: Diamond anvil cell (DAC), synchrotron X-
ray diffraction (XRD), and small-angle X-ray scattering
(SAXS) techniques are used to probe the composition
inside hollow γ-Fe3O4 nanoparticles (NPs). SAXS experi-
ments on 5.2, 13.3, and 13.8 nm hollow-shell γ-Fe3O4 NPs,
and 6 nm core/14.8 nm hollow-shell Au/Fe3O4 NPs,
reveal the significantly high (higher than solvent) electron
density of the void inside the hollow shell. In high-pressure
DAC experiments using Ne as pressure-transmitting
medium, formation of nanocrystalline Ne inside hollow
NPs is not detected by XRD, indicating that the oxide shell
is impenetrable. Also, FTIR analysis on solutions of
hollow-shell γ-Fe3O4 NPs fragmented upon refluxing
shows no evidence of organic molecules from the void
inside, excluding the possibility that organic molecules get
through the iron oxide shell during synthesis. High-
pressure DAC experiments on Au/Fe3O4 core/hollow-
shell NPs show good transmittance of the external
pressure to the gold core, indicating the presence of the
pressure-transmitting medium in the gap between the core
and the hollow shell. Overall, our data reveal the presence
of most likely small fragments of iron and/or iron oxide in
the void of the hollow NPs. The iron oxide shell seems to
be non-porous and impenetrable by gases and liquids.

Recent progress in colloidal synthesis has resulted in the
discovery of nanoparticles (NPs) with different morphol-

ogies, including dumbbells,1 tetrapods,2 octapods,3 nanorings,4

hollow NPs,5 and core/hollow shells.6 Among them, hollow NPs
are of special interest because of their unique magnetic, catalytic,
optical, and electrochemical properties.7 They can also serve as
carriers for controllable drug release.8 HollowNPs can be formed
by galvanic replacement reactions9 or by the Kirkendall effect as a
result of oxidation of metal NPs.5a,14 The difference in the
diffusion rates of oxygen and metal atoms moving in opposite
directions during oxidation results in vacancies that condense
inside the NPs and form a void. Besides the importance of the
composition inside hollow NPs for practical applications, there is
a fundamental question: How “hollow” are hollow NPs? We
propose use of a diamond anvil cell (DAC) technique to probe
the composition inside hollow NPs and analyze the penetrability
of their inorganic shells. We systematically analyze differently
sized hollow iron oxide NPs with and without gold or iron cores,
as examples, using DAC combined with synchrotron X-ray
diffraction (XRD) and small-angle X-ray scattering (SAXS).

Hollow iron oxide NPs were obtained upon oxidation of iron
NPs in an octadecene solution by air flow at 180 °C.5d,6c Iron
atoms diffuse out of NPs faster than oxygen atoms diffuse in from
the surface of NPs, forming cation vacancies that coalesce to form
voids inside the NPs. In this study we investigated 5.2 and 13.3
nm hollow Fe3O4 NPs, with shell thicknesses of ∼1.7 and ∼2.3
nm, respectively (Figure 1). As evidenced by broad diffraction
peaks (Figure 1f), the iron oxide shell is very polycrystalline, in
agreement with previously published transmission electron
microscopy (TEM) data.5d,6c According to synchrotron XRD
analysis, the crystalline structure of hollow iron oxide NPs was
identified as γ-Fe3O4 (Figure 1) in all studied samples, similar to
the previously published data.5c A significant improvement in the
crystallinity of the larger hollow NPs was observed as a result of
refluxing at 298 °C, as indicated by the sharpening of the
diffraction peaks (Figure 1f). Improvement in crystallinity upon
refluxing was also previously observed by Peng et al.5c,8b

However, refluxing of 5.2 nm hollow Fe3O4 NPs resulted in
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Figure 1. TEM overview of as-synthesized (a) 5.2 nm hollow Fe3O4
NPs, (b) 12.3 nm hollow Fe3O4 NPs with 6.5 nm Fe cores, (c) 13.3 nm
hollow NPs obtained by oxidizing the NPs shown in panel b, (d) 13.8
nm hollow Fe3O4 NPs obtained by refluxing the NPs in panel c at 298
°C, and (e) Fe3O4 hollow NPs with encapsulated 6 nm Au NPs. (f)
Summary of XRD data at ambient pressure. Indexing of Fe3O4 and Au is
depicted as gray lines and purple stars, respectively.
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their fragmentation (Figure S1). Similar to the previous studies,5c

we observed no diffraction peaks from pure Fe core before and
after refluxing (Figure 1).
Given the current understanding of the structural/chemical

composition of hollow NPs formed via the Kirkendall effect,5a,10

the interior part of the hollow NPs, formed during coalescence of
diffusing vacancies, should potentially be a vacuum or can be
filled with solvent and some original component of the NPs
before oxidation (i.e., metal), depending on whether the shell is
porous. For example, Yin et al. suggested that the shell of Co/
CoO core/hollow-shell NPs can have as much as 15 vol%
porosity,5b which might explain the ability of ethylene to diffuse
into the interior of Pt/CoO core/hollow-shell NCs and
participate in the hydrogenation reaction.5a As such, porosity
of the shell may also allow other materials, e.g., solvents, oxidizing
agent, or reaction precursors, to penetrate inside the NPs.
Previously it was reported that thermal annealing of 16 nm Fe3O4
hollow NPs can form ∼2 nm pores in the shell, clearly visible by
TEM.8b However, their complete opening inside the hollow NPs
was achieved only upon acid treatment of the NPs.
To probe the internal composition of hollow NPs, we first

performed SAXS measurements at ambient conditions on
different types of hollow Fe3O4 NPs dispersed in toluene (Figure
2). Scattering patterns with known form factors are typically used
to estimate the size and shape distributions of NPs from their
compositional information in terms of electron density (number
of electrons per unit volume). Simulations of the patterns based
on known chemistry of the shell and the solid core allowed
optimizing their thickness and radius as well as electron density
of the hollow interior.11 Figure 2 compiles the scattering patterns
and the simulated curves for all of the NP types, and Table 1
summarizes the parameters used to fit experimental data.

Altogether, the structural parameters obtained in the simulations
fit surprisingly well with the values obtained fromTEM. Based on
the fact that the void inside the hollow NPs is a result of
coalescence of vacancies, we should expect zero electron density
in the hollow interior. However, simulation results showed
significantly higher electron density (Figure 1). Thus, NPs called
“hollow” are unlikely to be empty.
Simulation of the SAXS data (Figure 2) shows that 5.2 nm

hollow Fe3O4 NPs have the lowest electron density among all
studied samples (Table 1), and the electron density of the inner
part of 5.2 nm hollow NPs is lower than that of the organic
solvent. In the case of as-synthesized larger hollow-shell NPs,
electron density of the interior void is substantial. In fact, it is
intermediate between those of the pure solvent and solid Fe3O4.
The 12.3 nm core/hollow-shell NPs showed high electron
density in the void between the core and the shell (Table 1),
indicating the presence of inorganic material in the area that
looks like a gap between the core and the shell on TEM images.
We assumed that the small remnants of pure Fe or iron oxide
remained inside the hollow cavity in the form of fine whiskers or
dispersed fine clusters. This assumption seems to be very
reasonable since we observe the highest electron density in the
void of the core/hollow-shell Fe/Fe3O4 NPs. The presence of
the bridges that serve as “pipelines” for diffusion of metal cations
to the NP surface during the oxidation process was previously
observed in Fe/Fe3O4 and Co/CoO NPs.5a,c,d The presence of
small fragments of iron within the hollow void is also supported
by the decrease of the electron density inside the hollow NPs
upon refluxing, associated with the increase of the oxide shell
thickness (Figure 2, Table 1).
In order to investigate the penetrability of the inorganic oxide

shell for the gas molecules and to further analyze the composition
of the interior void in hollow NPs, we performed high-pressure
synchrotron XRD experiments. The 13.3 nm Fe3O4 NPs have
the largest “empty void” inside; thus, they can be expected to
accumulate the most foreign material. The 13.3 nm Fe3O4 NPs
were loaded into the DAC using Ne as a pressure-transmitting
medium. Under pressure, liquid and gas solidify, forming
crystalline or amorphous phases. XRD analysis under high
pressure can reveal crystallizedmaterials that were in gas or liquid
phases at ambient conditions. In the case of porous shells, Ne
might penetrate inside the hollow Fe3O4 shell and crystallize in
nanometer sizes that will lead to the appearance of broad signals
characteristic of nanocrystals. We compared the widths of the
diffraction lines corresponding to crystalline Ne in three samples:
Ne without NPs, solid 13.5 nm Fe3O4 NPs, and hollow 13.3 nm
Fe3O4 NPs. (Note that since Ne is a pressure-transmitting
medium, the signal corresponding to it will always be present.)
The 2D XRD patterns revealed only sharp lines of “bulk” Ne
(Figure 3). No diffuse, broad lines characteristic of nanosized Ne
were found. Thus we can rule out the penetrability of the oxide
shells by the molecules of Ne and hence conclude that hollow
iron oxide NPs do not have pores or structural defects that allow

Table 1. Summary of the Parameters Used in Simulations of Experimental SAXS Results Shown in Figure 2

electron density (e/Å3)

sample core void radius (Å) core−shell distance (Å) shell thickness (Å) core void shell solvent

5.2 nm Fe3O4 hollow shell n/a 9.6 ± 3.4 n/a 16.8 n/a 0.1905

1.4898 0.2836
12.3 nm Fe/Fe3O4 core/hollow shell Fe 33.4 ± 9.0 16.8 11.1 2.16 1.077
13.3 nm Fe3O4 hollow shell n/a 43.8 ± 4.9 n/a 22.7 n/a 0.774
13.8 nm Fe/Fe3O4 hollow shell (refluxed) n/a 39.1 n/a 29.7 n/a 0.436
14.8 nm Au/Fe3O4 core/hollow shell Au 29.9 16.1 27.7 4.66 0.7659

Figure 2. SAXS spectra of NPs dispersed in toluene, and computer
simulation fits obtained using parameters shown in Table 1.
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the diffusion of gas. Also, no peaks corresponding to new
materials were observed at any pressure, ruling out the presence
of crystalline organic phase inside the hollow iron oxide shell;
however, at this point we cannot exclude the presence of
amorphous organic materials.
The presence of material inside the hollow NPs that can

transmit external pressure to the core was also confirmed in our
high-pressure experiments on hollow Fe3O4 NPs encapsulating a
6 nm Au core (Figure 4). Note that Au is standard for pressure
calibration due to the linear dependence of its unit cell volume on
pressure in a very broad pressure range.12 The XRD pattern of
the Au/Fe3O4 NPs at atmospheric pressure showed very strong
diffraction from Au core (Figures 1f and 4). We wanted to see
whether, under high external pressure, the seemingly empty
space between the Au core and the Fe3O4 shell would transmit
force to the Au core (Figure 1e). At one extreme, lack of force
transmission, e.g., in the case of the void containing a vacuum,
should result in a lack of observable compression of the Au core,
and there should be no shifts in the XRD pattern. At the other
extreme, i.e., when the void is filled with material, the pressure
should be transmitted to the core, and XRD should reveal shifts
reflecting compression of the Au core.12 We can exclude
fragmentation of the hollow iron oxide shell since SAXS patterns
of 13.3 nm hollow Fe3O4 before and after compression up to 51.
(8) GPs are identical, meaning that the morphology of hollow
NPs was preserved during compression and pressure release
(Figure S4). We found that the Au core was significantly
compressible, although not as much as bulk Au.12 However, Au
NPs have been previously found to have a significantly elevated
bulk modulus,13 which can also account for decreased
compressibility in our case. The bulk modulus of bulk gold is
B0 = 170 GPa,

12 while 50−100 nmAuNPs have been reported to
have B0 = 210 GPa,

14 and B0 = 290 GPa has been obtained for 30
nmNPs.13 Fitting the XRD data (Figure 4b) with both Vinet and
Birch−Murnaghan (B-M) equation of states (EOS)12 gave
consistent results. Thus, a bulk modulus of B0 = 215 GPa was
obtained for our 6 nm Au NPs encapsulated inside hollow Fe3O4
shells using the pressure derivative of the bulk modulus, B0′, fixed
to 4.0 (allowing us to reduce third-order B-M EOS to the second-
order one) and zero-pressure volumeV0 = 67.1(1) GPa. As in the
case of hollow 13.3 nm Fe3O4 NPs, no peaks corresponding to
the nanosized Ne were found (Figure 4a). Thus, compressibility
of Au NPs encapsulated inside the hollow iron oxide shell under

applied external pressure confirms the presence of a pressure-
transmitting medium different than Ne inside the hollow NPs.
The composition of the internal void inside of the hollow-shell

NPs was further investigated using FTIR. Upon refluxing in
benzyl ether at 298 °C under air flow (12.5 mL/min) for 1 h, 5.2
nm hollow Fe3O4 NPs and 12.3 nm Fe/Fe3O4 core/hollow-shell
NPs broke into fragments, which would release the possible
content of the hollow NPs to the solution, while no
fragmentation of 13.3 nm hollow NPs was observed.
Comparative analysis of the supernatant solutions obtained by
complete precipitation of inorganic material in these three
samples allows tracing the presence of organic materials that can
be potentially encapsulated within the hollow NPs during the
synthesis or post-preparative treatments and thus are not
crystallized upon compression. Before refluxing, each sample
was washed with the same amount of non-solvents (e.g., acetone
and methanol) and re-dissolved in 10 mL of benzyl ether (note
that hollowNPs were synthesized in octadecene). After refluxing,
equivalent amounts of non-solvents were added into the NP
solutions, followed by centrifugation (8000 rpm for 1 min). The
supernatant solutions after centrifugation were concentrated by
evaporation of methanol and acetone and analyzed by FTIR
(Figures S2 and S3). Similarity among the FTIR spectra of all as-
synthesized and refluxed samples (Figure S3) suggests that
organic materials did not penetrate into the interior part of the
NPs during the synthesis or post-preparative procedures.
In conclusion, our data underscore the presence of pressure-

transmitting material inside the Fe3O4 hollow NPs. Taking into
account (i) the high electron density of internal void in hollow
NPs, as evidenced by SAXS data; (ii) the absence of gaseous and/
or liquid compounds within this void, as evidenced by FTIR and

Figure 3. 2D diffraction patterns of Ne (a), hollow iron oxide NPs (b),
and solid iron oxide NPs at 37.0(4) GPa. Ne was used as a pressure-
transmitting medium, but no diffuse broad signals characteristic of
nanosized Ne are seen.

Figure 4. (a) Pressure-dependent XRD compression and release spectra
up to 51.(8) GPa for Au/Fe3O4 core/hollow-shell NPs. Sharp peaks
observed in pressure range of 9.7−51.8 GPa correspond to solid Ne. (b)
Calculation of bulk modulus of the Au core from fitting of the Birch−
Murnaghan and Vinet’s equations of state to the XRD data.
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high-pressure experiments; and (iii) the transmittance of
pressure to the core material from the external force, as observed
in our experiments with Au core/Fe3O4 hollow-shell NPs
(Figure 4), we can assume that tiny remnants of amorphous iron
and/or iron oxide that cannot be detected by TEM or XRD
techniques are very likely to be present within the internal void of
hollow Fe3O4 NPs. Polycrystalline Fe3O4 shells are unlikely to
contain pores since diffusion of small gas molecules was not
observed. Prolonged oxidative refluxing of the relatively large
(>12 nm) Fe3O4 NPs allows partial annealing of the remnants
within the void.
Core/hollow-shell geometry is very attractive for the design of

catalysts since the hollow shell prevents sintering of the
catalytically active core; thus, knowledge about the composition
of the voids inside hollow structures and penetrability of the
hollow shell is critical. We believe that our approach toward
analysis of the void composition of hollow Fe3O4 NPs can be
used to study penetrability of any type of nanoshells and allows
compositional analysis of the inner voids of any hollow
nanostructures.
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