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Introduction

Ferrihydrite is a common, naturally occurring iron oxide
material found in aquatic systems and soils,[1–3] and is rou-
tinely used in a variety of industrial applications, such as
direct coal liquefaction and metallurgical processing.[4,5] It is
an environmentally important nanocrystalline phase, which
can act as a scavenger for numerous natural and anthropo-
genic chemical species, including heavy metals[6] and arse-
nate[7] through adsorption and coprecipitation, and can par-
ticipate in redox reactions.[8] It is also suspected to constitute
the inorganic core of ferritin, an iron storage protein that
plays a key role in controlling the levels of iron in plants, an-
imals, and microbes, thereby providing a fully biocompatible
material to carry iron particles in potential drug delivery ap-
plications.[9] The important applications of ferrihydrite make

it widely studied and readily synthesized artificially; howev-
er, to date, only nanocrystals of less than 10 nm were usually
obtained.[10,11] Because of its nanocrystalline nature and
poor crystallinity, the exact structure of ferrihydrite has re-
mained controversial until very recently Michel et al. ap-
plied a synchrotron radiation technique and the atomic pair
distribution function (PDF) method to ferrihydrite, and re-
vealed that this particular structure contains 20% tetrahe-
drally and 80% octahedrally coordinated iron in its ideal
form and has a basic structural motif closely related to the
Baker–Figgis d-Keggin cluster.[10]

Self-assembled hierarchical structures with hollow interi-
ors have been receiving much attention recently because
they could be used to find new applications owing to their
conspicuous physicochemical properties that differ markedly
from those of nonhollow materials. Various methodologies
have been developed to achieve this special nano- and sub-
microstructure including template and template-free ap-
proaches. Generally, however, only single-shelled hollow
spheres are obtained. Recently, double-shelled or multishel-
led hollow spheres using a hard template (hollow latex, po-
lymer spheres, or inorganic silica),[12] soft template (surfac-
tant-molecule vesicles),[13] or an intermediate-templating
phase-transformation process[14] have been synthesized. But
the synthesis of double-shelled or multishelled hollow-struc-
tured materials with a tunable size through the use of an
easy one-step solution-phase route still remains a huge tech-
nological challenge.
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Sodium nitroprusside (SNP), an inexpensive medicine, is
widely used for the emergency treatment of high blood pres-
sure (hypertensive crisis) and severe heart failure to reduce
heart workload. It is also used to produce controlled hypo-
tension (low blood pressure) in anesthetized patients during
surgery. The pharmacological effect of SNP is that it serves
as a source of nitric oxide, a potent peripheral vasodilator
that affects both arterioles and venules. This release of NO
gas gives us a clue that SNP can be not only a cheap ferric
precursor, but also an in situ gas-bubble template, because
in situ formed gas-bubble templates have been widely used
to construct various hollow structures of inorganic materi-
als.[15] More interestingly, an SNP molecule possesses anoth-
er kind of ligand, a cyano group. Although a cyano group is
much more stable in an aqueous solution at room tempera-
ture than a nitroso group, it is well-known that cyano ions
can be released under hydrothermal conditions and subse-
quently hydrolyze into HCOO� ions, which can partly hy-
drolyze into HCOOH and further decompose to CO gas
given suitable conditions. The two kinds of gases may form
at different reaction stages due to the different dissociation
and hydrolyzation sequences of the ligands in the precursor,
which affords a good opportunity to construct a complex
hollow structure. Motivated by this potential, we successful-
ly synthesized double-shelled ferrihydrite hollow spheres
through using the hydrolyzation of SNP in the presence of
sodium dihydrogen phosphate. SNP served as both a ferric
source and a twice-gas-bubble template, providing not only
nitric oxide for the inner-shelled hollow structure but also
carbon monoxide for the outer-shelled hollow configuration.
This method to build a double-shelled hollow hierarchy
spontaneously in a synthetic process is an undoubtedly inex-
pensive, simple, and efficient approach for the high-through-
put production of multishelled hollow spheres. The impact
could be tremendous. Furthermore, double-shelled hollow
spheres of ferrihydrite with different sizes can be fabricated
by varying the experimental parameters, which is very at-
tractive for practical applications. More importantly, our ap-
proach offers the first opportunity to investigate the applica-
tion of ferrihydrite in gas sensing. The high sensitivity to
ethanol makes ferrihydrite an alternative material for gas
sensing, thereby extending the application fields of ferrihy-
drite.

Results and Discussion

The morphology of the products was characterized by trans-
mission electron microscopy (TEM). As shown in Figure 1a
and b, a strong contrast between the dark edges and the
pale center confirms that all of the spherical particles have a
hollow cavity. The detailed image reveals the fact that
almost all particles are double-shelled hollow structures, as
can be clearly seen from the higher magnification TEM
image in Figure 1b. The sizes of the double-shelled hollow
spheres, the inner hollow spheres, and the inner pores are
estimated to be about 300, 190, and 110 nm, respectively.

The low-magnification field-emission scanning electron mi-
croscopy (FESEM) image shown in Figure 1c indicates that
the as-prepared sample is highly uniform and in large pro-
duction, and the double-shelled structure is further con-
firmed by the higher magnification FESEM image of the
cracked hollow spheres, as shown in Figure 1d. The XRD
pattern (Figure S1 in the Supporting Information) shows
that the as-prepared sample is a poorly crystallized material
and corresponds to a six-line ferrihydrite phase.[1,11a,16]

X-ray photoelectron spectroscopy (XPS) was applied to
characterize the surface electronic structure and the chemi-
cal element valence by referencing the C 1s line to 284.5 eV.
The survey XPS spectrum reveals that the product contains
Fe and O (Figure 2a), and there are two weak peaks for P
2s and P 2p in this XPS spectrum, which could be attributed
to the surface adsorption of phosphate ions.[17,18] The high-
resolution XPS Fe 2p spectrum in Figure 2b shows two dis-
tinct peaks at binding energies of �710.9 eV for Fe 2p3=2
and �724.3 eV for Fe 2p1=2 with a shake-up satellite at
�719.3 eV, which is characteristic of Fe3+ .[18]

To analyze the water content in the sample, thermogravi-
metric analysis (TGA) was carried out in nitrogen. The
TGA curve of the sample shows a weight loss of 12.33% re-
lated to the procedure of dehydration (Figure 3). The
weight loss of 4.13% below 120 8C is normally attributed to
the removal of surface-adsorbed water, and the weight loss
of 8.20% above 120 8C is believed to correspond to the re-
lease of water from the crystals.[11f] Based on the TGA mea-
surement and a recently reported chemical formula,[10] the
stoichiometry of the sample is Fe10O14(OH)2·4H2O. The con-
tent of Fe in the product, determined by inductively coupled
plasma (ICP) spectrometry, is 59.8%, which is close to the
value of 62.9%, calculated according to the stoichiometry.

Figure 1. Typical TEM and FESEM images of the as-obtained ferrihy-
drite double-shelled hollow spheres prepared from SNP (0.5 mmol) and
NaH2PO4·2H2O (0.19 mmol) in water (40 mL) at 180 8C for 12 h. a) TEM
image at a low magnification, indicating that the double-shelled hollow
spheres can be fabricated on a large scale. b) TEM image at a high mag-
nification, clearly showing the hollow spheres were double-shelled.
c) FESEM image at low magnification, further reflecting the large pro-
duction and good uniformity of the double-shelled hollow spheres.
d) FESEM image at high magnification. The double-shelled structure can
be deduced from the broken spheres.
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Such double-shelled hollow spheres possess a mesoporous
structure, as evidenced by the nitrogen-sorption experiment
(Figure 4). The isotherm of the sample can be categorized as

type IV, with a distinct hysteresis loop observed in the range
0.45–1.0 P/P0. The measurement shows that the Brunauer–
Emmett–Teller (BET) surface area is 177.9 m2g�1 and that
there are two porous central distributions, one at 3.6 nm, the
other at 8.6 nm (Figure 4, inset), which may be due to irreg-
ular packing of small crystallites. Such a porous structure
provides efficient transport pathways to their interior voids,
which is critical for delivery, catalyst, and other applica-
tions.[19]

To understand the growth mechanism of the double-shel-
led ferrihydrite hollow spheres accurately, it is necessary to
investigate the morphology evolution of the intermediates
involved in the formation. Three intermediates caught at 2,
3, and 4 h showed that single-shelled spheres formed first
and were then covered with an outer shell to form double-
shelled hollow spheres (Figure S2-1 in the Supporting Infor-
mation). This process was clearly related to the hydrolyza-
tion of SNP, in which two kinds of ligands (cyano and ni-
troso groups) in its structure might have a special role in the
construction of the isotropic double-shelled hollow structure
of ferrihydrite. Under hydrothermal conditions, ferrihydrite
building clusters were generated through the hydrolyzation
of SNP accompanied by the simultaneous release of NO gas,
which functioned as the gas-bubble template and aggrega-
tion center for the formation of single-shelled hollow
spheres. As-formed single-shelled hollow spheres contained
a large number of hydrolyzable ligands (e.g., �CN and
�COOH), possibly due to slow reaction kinetics[19] caused
by the adsorption of phosphate ions. As the reaction time
increased, HCOO� ions on the surface of single-shelled
hollow spheres increased as more cyano groups hydrolyzed

Figure 2. a) Survey XPS spectrum of the double-shelled ferrihydrite
hollow spheres sample. (A) represents the auger peak of the correspond-
ing chemical element. b) High-resolution XPS Fe 2p spectrum.

Figure 3. TGA curve of the double-shelled ferrihydrite hollow spheres
sample.

Figure 4. Nitrogen adsorption–desorption (&: adsorbed, *: desorbed) iso-
therm of the double-shelled ferrihydrite hollow spheres sample. The inset
is its BJH pore-size distribution curve.
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and gradually migrated to the outer surface of the hollow
spheres due to their hydrophilicity. As some of the HCOO�

ions were further hydrolyzed into HCOOH, CO gas was
then released from the decomposition of HCOOH at elevat-
ed temperature, which served as the second gas template for
the growth of the outer shell of the double-shelled hollow
spheres. Thus, a twice-gas-bubble template model was pro-
posed for the formation of double-shelled hollow spheres, as
shown in Scheme 1. Interestingly, as the reaction time was

increased to 18 h, these double-shelled hollow spheres grad-
ually changed into single-shelled hollow spheres with a size
of about 280 nm, which were even stable after 114 h (Fig-
ure S2-1 in the Supporting Information). The evolution of
the ferrihydrite morphology with the reaction time suggest-
ed that the whole growth process was a kinetic and thermo-
dynamic competition process; that double-shelled hollow
spheres were kinetically favored in a certain middle reaction
stage; and that with further aging, the nanocrystallites at the
inner shell were thermodynamically driven to relocate them-
selves to the outer shell because of the higher surface
energy during Ostwald ripening.[20] The intermediates at dif-
ferent reaction stages were all determined as six-line ferrihy-
drite by XRD characterization (Figure S2-2 in the Support-
ing Information). The Fourier transform infrared (FTIR)
spectrum of the product from the upper solution, which had
been evaporated under reduced pressure, confirmed the for-
mation of formate in the hydrolyzed products of SNP (Fig-
ure S3-1 in the Supporting Information), and the reaction
equations are summarized in Figure S3-2 in the Supporting
Information. Furthermore, our comparative experiments
(Figure S3-3 in the Supporting Information) demonstrated
that the formation of the twice-gas-bubble template was
clearly related to the concentration of NaH2PO4·2H2O,
which affected the kinetic process of the hydrolytic abilities
of the double ligands in the precursor. All of the above sup-

plemental results provide strong support to the proposed
mechanism.

More interestingly, our experiments also provide funda-
mental evidence that the existence of NaH2PO4·2H2O is
also critical for the formation of a ferrihydrite phase. Only
a-Fe2O3 micropine dendrites were obtained without sodium
dihydrogen phosphate, even at the same initial pH value
with the existence of acetic acid or hydrosulfate sodium
(Figure S4 in the Supporting Information). These results

imply that sodium dihydrogen
phosphate not only serves as a
pH regulator, but also plays
other more important roles. It
is well-known that the hydroly-
sis of ferric ions can produce
various iron oxides and iron
oxyhydroxides under different
conditions.[21] In our case, the
hydrolyzation and the following
condensation of ferric ions are
responsible for the formation of
the FeO6 octahedra with either
vertex sharing or edge sharing
in the final ferrihydrite struc-
ture. Meanwhile, the coordina-
tion of phosphate ions to ferric
ions prevents the further con-
densation of the ferric complex
at two chelate positions. This
results in the formation of an
FeO4 tetrahedral framework at

elevated temperatures due to the removal of the hydrophos-
phate groups, with the hydroxyl groups helping to balance
the framework charges. As one might expect, FeO4 tetrahe-
dra tend to only share corners with other FeO6 octahedra to
diminish the instability[22] in the final ferrihydrite structure
(Figure 5a). Thus, the presence of NaH2PO4·2H2O plays a
critical role in the formation of the particular ferrihydrite
structure consisting of 20% FeO4 and 80% FeO6 polyhedra
in its ideal form.[10] Simultaneously, the existence of phos-
phate ions may also be important to stabilize the ferrihy-
drite phase because phosphate ions can not only cover the
surface of ferrihydrite, but also occupy the tunnels of ferri-
hydrite, which one can clearly see in Figure 5b by comparing
the pore size of ferrihydrite (labeled in the top two figures)
with the size of the hydrophosphate ion (labeled in the
bottom-right figure). The XPS results also indicate the exis-
tence of trace phosphate ions in the final product. It should
be mentioned that the hydrophosphate ions were the domi-
nant form that coordinated with ferric ions as the reaction
system transformed from weak acidity to alkalescence as the
reaction proceeded. (The pH values of the solution before
the reaction and the upper solution after the reaction were
5.1 and 9.0, respectively.) The hydrophosphate ions in tun-
nels are essential in balancing the framework charges and
stabilizing the tunnel structure of ferrihydrite, protecting
them from aggregation and further conversion to other iron

Scheme 1. Proposed growth process of double-shelled ferrihydrite hollow spheres by using a twice-gas-bubble
approach.
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oxides; while a similar effect is also found in akaganeite
with the incorporation of F�, Cl�, and so forth.[23] Our ex-
periments indicate that the as-prepared ferrihydrite product
began the transformation to a-Fe2O3 at 700 8C and the com-
plete conversion at 900 8C under N2 (Figure S5 in the Sup-
porting Information), much higher than that of the unadsor-
bed ferrihydrite product, which transformed to hematite
visibly at 400 8C and completely at 500 8C.[24] The thermosta-
bility study confirmed the above conclusion that phosphate
ions could help to stabilize the ferrihydrite phase.

The proposed twice-gas-bubble template model also sug-
gests that the size of the double-shelled hollow spheres may
be tuned by controlling the kinetic process. The double-shel-
led hollow spheres with the same outer size, but smaller

inner spheres of about 160 nm and smaller inner pores of
about 40 nm, were acquired by increasing the reaction tem-
perature to 220 8C with other parameters constant (Fig-
ure 6a–c). This indicated that the elevated temperature sped
up the reaction and caused ferrihydrite nanoparticles to ag-
gregate on the smaller NO microbubbles, which inhibited
them from converging into bigger ones. Also, the release of
more CO gas as the second gas-bubble template produced
the larger space between the two shells. When the concen-
tration of SNP was increased to 0.84 mmol with other pa-
rameters constant, the products were larger double-shelled
hollow spheres in which the diameters of outer spheres,
inner spheres, and inner pores were about 400, 250, and
130 nm, respectively, as shown in Figure 6d–f. The results

Figure 5. a) Schematic illustration showing the formation of the ferrihy-
drite phase. For clarity, the charges for the complexes are omitted.
b) Schematic structure of the ferrihydrite structure projected along [001],
[010], and [110]. The structure of the ferrihydrite phase was simulated ac-
cording to the crystallographic data in the Supporting Information of
ref. [10].
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demonstrate that the slight variations in reaction conditions
within the stability field of a precipitate affect the size and
morphology of the products remarkably.

To expand the applied range of ferrihydrite, we re-
searched the potential application of ferrihydrite in gas sens-
ing on account of its innate characteristics as a metal oxide
semiconductor. The sensing properties of the products to-
wards trace levels of gas were analyzed at room temperature
in dry air. The gas sensitivity is defined as the resistance
ratio Rair/Rgas, in which Rair and Rgas are the electrical resis-
tances for sensors in air and in gas, respectively. Figure 7
shows the room-temperature gas-sensing behavior of the as-

synthesized double-shelled hollow spheres in response to
ethanol compared with single-shelled hollow spheres (Fig-
ure S3-3a in the Supporting Information). The sensitivity of
the products increases with an increase of ethanol gas con-
centration. However, the single-shelled hollow spheres are
less sensitive. The gas sensitivity of double-shelled hollow
spheres is observed even at a concentration of 10 ppm,
which indicates its potential application in gas detection. We
have also found that the on and off responses for the prod-
ucts could be repeated many times without observing major
changes in the signal, thereby illustrating favorable reversi-
bility. The double-shelled hollow spheres have larger surface
areas than single-shelled hollow spheres (with BET surface
area 102.5 m2g�1), and the higher sensitivity is attributed to
the double-shelled structure of the sample, which provides
more space and active sites for adsorption and desorption of
gas molecules. It is generally accepted that materials with
high surface areas are advantageous for obtaining a high
sensitivity in sensing applications.[25]

Conclusion

In summary, we describe a facile, one-step, surfactant-free,
solution-phase route, based on a twice-gas-bubble template
model to produce double-shelled ferrihydrite hollow spheres
with a tunable aperture. In this self-assembly process, SNP
possesses two kinds of ligands and serves as not only a ferric
source, but also an important in situ twice-gas-bubble tem-
plate for the formation of the double-shelled hollow struc-
ture. The presence of phosphate in this process also plays a
multiple role, not only as the pH regulator, but also as the
coordinator and stabilizer for the particular ferrihydrite
phase. Importantly, this material exhibits high sensitivity in
gas sensing, which could be of great importance in extending
the potential applications of ferrihydrite. This work provides
a novel pathway to synthesize double-shelled hollow micro-
structures of inorganic compounds, offering a new material
platform for delivery carriers, catalysts, and other applica-
tions.

Experimental Section

General : In a typical experimental procedure, sodium nitroprusside
(SNP, Na2[Fe(CN)5NO]·2H2O; 0.5 mmol) was dissolved in distilled water
(40 mL) in a Teflon-lined autoclave, and sodium dihydrogen phosphate
(NaH2PO4·2H2O; 0.19 mmol) was added. The autoclave was sealed,
heated at 180 8C for 12 h, and allowed to cool to room temperature natu-
rally. The precipitate was collected by centrifugation and washed with
distilled water and ethanol several times, and then dried in a vacuum at
50 8C for 10 h.

The structure of these obtained samples was characterized by using the
XRD pattern, which was recorded on a Rigaku Dmax diffraction system
with monochromatized CoKa radiation. The TEM images were obtained
by using a Hitachi 800 system at 200 kV. The SEM images were taken by
using a JEOL JSM-6700F field-emission scanning electron microscope
(20 kV). XPS analysis of the product was performed by using an ESCA-
LAB MK II X-ray photoelectron spectrometer and non-monochromat-

Figure 6. a, b) TEM images and c) FESEM image of the double-shelled
ferrihydrite hollow spheres, obtained from SNP (0.5 mmol) and
NaH2PO4·2H2O (0.19 mmol) at 220 8C. d, e) TEM images and f) FESEM
image of the double-shelled ferrihydrite hollow spheres, obtained from
SNP (0.84 mmol) and NaH2PO4·2H2O (0.19 mmol) at 180 8C. The inset in
Figure 6f is the magnified FESEM image of an individual double-shelled
hollow sphere (scale bar: 100 nm).

Figure 7. Room-temperature sensitivity of the sensors made of as-pre-
pared double-shelled (*) and single-shelled (&) ferrihydrite hollow
spheres to ethanol. The gas sensitivity is defined as the resistance ratio
Rair/Rgas, in which Rair and Rgas are the electrical resistances for sensors in
air and in gas, respectively.
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ized Al–MgKa X-rays as the excitation source. TGA of the as-synthesized
sample was carried out on a Shimadzu TA-50 thermal analyzer at a heat-
ing rate of 10 Kmin�1 from room temperature to 800 8C under nitrogen.
The content of Fe was determined by using Optima 5300DV inductively
coupled plasma spectrometry. BET nitrogen adsorption–desorption was
measured by using a Micromeritics ASAP 2020 accelerated surface area
and porosimetry system. The pH value was determined on a Delta 320
pH meter (Mettler-Toledo Instrument Co.).

Sensing tests : The sensing tests were carried out by using the as-prepared
model sensors. The sample was mixed with several drops of ethanol to
form a homogeneous slurry, and was then coated on the interdigital elec-
trode and the electrode was dried in a vacuum at 50 8C for 3 h. The opti-
cal digital photograph of the interdigital electrode is shown in Figure S6
in the Supporting Information. Measurements were performed by using a
WS-30A system at room temperature (Weisheng Instruments Co.,
Zhengzhou, China).
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