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Introduction

Natural enzymes are the proteins that catalyze chemical re-
actions and they are incredibly efficient and highly specific
biocatalysts under mild conditions. However, practical appli-
cations are largely limited because of their lack of stability
and loss of activation in harsh chemical environment (e.g.,
nonphysiological pH, high temperature, and in the presence
of inhibitors).[1–4] Therefore, artificial enzymes have attract-
ed intensive attention due to their stability and effective
enzyme-like catalysis over a wide range of temperatures and
pH values compared with natural enzymes. Since magnetite
nanoparticles were serendipitously discovered to have in-
trinsic peroxidase-like activity, they have been persued as
peroxidase nanomimetics to catalyze and detect some mole-
cules.[5–7] In addition, several kinds of the nanomaterials
with enzyme-like activity have been reported.[8–11] However,
there have been few attempts to investigate the catalytic
properties of peroxidase nanomimetics with different struc-

tures and little is known about the effects of different nano-
structures on biocatalysis with Fe3O4.

The intrinsic properties of nanocrystals are mainly deter-
mined by their composition, crystallinity, and structure. It is
of great importance to investigate the structure-sensitive cat-
alytic activity for obtaining a profound understanding of cat-
alytic processes.[12–16] Much success has been achieved in the
investigation of the structural effects of nanocrystals on cat-
alysis and the results showed that the catalytic performance
could be specifically regulated either by the crystal size or
morphology with distinct crystallographic planes.[17–21] The
reason might be that different crystal sizes or planes exhibit
different numbers of dangling bonds and different atom ar-
rangement manners, which intrinsically determine the reac-
tivity and selectivity of catalysts. For instance, Co3O4 nano-
sheets with exposed {112} planes exhibited enhanced catalyt-
ic activity for methane combustion than Co3O4 nanobelts
with {011} planes and nanocubes with {001} planes.[22] Also,
CuCl crystallites with a preponderance of {111} crystal
planes have better catalytic activity in aniline coupling than
those with more {110} planes.[23] However, nanocrystal cata-
lysts with different exposed crystal planes are usually deco-
rated by a variety of capping agents, which undermines, to
varying degrees, their catalytic activities for targets.[24, 25]

Therefore, different nanostructures with distinct crystallo-
graphic planes, provided that they could be prepared under
the same or similar reaction systems, would be desired as
model catalysts for comparison purposes.

Herein, we described the structure-controlled synthesis of
Fe3O4 nanocrystals under a similar hydrothermal procedure.
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This imparts a significant advantage over Fe3O4 nanocrystals
previously prepared in different ways. Furthermore, the ob-
tained nanostructures were used as peroxidase nanomimet-
ics towards typical substrates, such as 3,3’,5,5’-tetramethyl-
benzidine (TMB) and o-phenylenediamine (OPD), in the
presence of H2O2. The structural effects on their peroxidase-
like activities were investigated, which is highly significant
for their application with enhanced activity and utilization.

Results and Discussion

Characterization of Fe3O4 nanocrystals with distinct struc-
tures : The crystal structures and crystallinity of three Fe3O4

nanostructures were determined by X-ray powder diffrac-
tion (XRD). As shown in Figure 1, all of the obtained prod-

ucts exhibited high crystalline quality; they were indexed to
the face-centered-cubic (fcc) magnetite, in good agreement
with the reported data (JCPDS no. 01-1111) and no impurity
peaks were observed. More specifically, the product of the
cluster spheres exhibited broader diffraction peaks, and the
crystal size was about 15 nm by calculation with the Debye–
Scherrer formula for its {311} peak.[10]

The morphology, dimensions, and structural characteris-
tics of the products were found to depend strongly on the
amount of CH3ONa and water in the reaction system, char-
acterized by SEM and TEM. When the amount of CH3ONa
was 40 mmol, the product was dominated by cluster spheres
with secondary structure as shown in Figure 2 A; a statistical
analysis yielded an average size of 170 nm in diameter. The
cluster spheres were composed of many primary magnetite
crystallites approximately 13 nm in size, consistent with the
XRD anaylsis. The TEM image in Figure 2 B further con-
firmed the secondary structure of the cluster spheres. Fig-
ure 2 C showed that the lattice fringes were 0.253 nm, in
good agreement with the values for {311} planes of cubic
magnetite phase; and the same crystal orientation of differ-
ent magnetite crystallites was observed.[26] The selected-area
electron diffraction (SAED) pattern recorded on a single

cluster sphere revealed its crystalline nature (Figure S1A in
the Supporting Information). With increasing the amount of
CH3ONa to 50 mmol, the product developed the morpholo-
gy of octahedra and the edge lengths were in the range of
120–140 nm as shown in Figure 2 D. The octahedra exhibited
a well-defined shape with smooth surfaces (Figure 2 E). The
distances between two adjacent planes were 0.495 nm, anal-
ogous to the (111) planes of cubic magnetite (Figure 2 F).
The corresponding SAED pattern revealed the single-crys-
talline nature of the octahedron (Figure S1B in the Support-
ing Information). Therefore, it could be concluded that each
octahedron was a single crystal enclosed by eight {111}
planes.[27,28] In addition, triangular plates were obtained by
further adding water (1 mL) to the initial reaction solution
of the octahedra system. Both SEM and TEM images
showed that triangular plates were obtained as the major
product (75 %), with edge lengths of approximately 140 nm
as shown in Figure 2 G and H. The typical lattice fringe
spacings of triangular plates were determined to be
0.299 nm, corresponding to the {220} d spacing of cubic mag-
netite (Figure 2 I), consistent with its SAED anaylsis (Fig-
ure S1C in the Supporting Information). Although the
mechanism for the structural evolution is still under investi-
gation, alkalinity-related kinetic considerations might be re-
sponsible for the preferential absorption of some molecules
(such as formate) on different crystal facets. This might
direct the growth of nanoparticles into various structures by
controlling the growth rates along various crystallographic
directions.[29, 30]

The magnetic properties of the three Fe3O4 nanostruc-
tures were studied by using a commercial superconducting
quantum interference device (SQUID) magnetometer at
room temperature. Figure 3 shows the hysteresis loops of
these nanostructures at 300 K obtained by cycling the field
between �10 and 10 kOe. All of them exhibited significant

Figure 1. XRD patterns of the obtained Fe3O4 nanocrystals with different
structures: cluster spheres (A), triangular plates (B), and octahedra (C).

Figure 2. Typical SEM (A, D, G), TEM (B, E, H) and high-resolution
TEM (C, F, I) images of the obtained Fe3O4 nanocrystals with different
structures. A–C) Cluster spheres, E–F) octahedra, and G–I) triangular
plates.
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magnetization and the saturation magnetization values were
75.9, 87.4, and 83.5 emu g�1 for cluster spheres, triangular
plates, and octahedra, respectively. Furthermore, it is worth
mentioning that the cluster spheres exhibited superparamag-
netic properties and no clear remanence or coercivity was
found, as shown in the inset of Figure 3. It is believed that
the threshold size for Fe-based nanoparticles is about 25 nm
for the transition from superparamagnetism to ferromagnet-
ism.[31,32] Therefore, the magnetic properties further con-
firmed that the cluster spheres were made up of primary
magnetite crystallites. Whereas the other two nanostructures
revealed a typical ferromagnetic behavior; a remanence of
15 emu g�1 and a coercivity of 100 Oe were observed from
their hysteresis loops.

The oxidation of peroxidase substrates catalysed by the
Fe3O4 nanocrystals : The natural peroxidases typically cata-
lyze the oxidation of a substrate to develop a color change
in the presence of H2O2. First, TMB and H2O2 were used to
test the catalytic activity of the Fe3O4 nanocrystals with dis-
tinct structures. As shown in Figure 4, in the absence of

Fe3O4, a colorless solution containing TMB and H2O2 was
observed and presented a negligible absorption in the range
from 450 to 800 nm. In contrast, in the presence of any of
Fe3O4 nanostructures, the solutions developed a blue color
and exhibited similar spectral features with their characteris-
tic absorbance at 652 nm, except for the variations in ab-
sorbance intensity. This absorption arises from the oxidation
product of TMB, similar to the phenomena observed for the
commonly used horse radish peroxidase enzyme.[1] The in-
tensity might have relevance to the catalytic activities of dif-
ferent Fe3O4 nanostructures. In addition, similar catalytic
performance was observed when OPD was used as the sub-
strate in place of TMB. As shown in Figure 5, without Fe3O4

nanocrystals, there was still a colorless solution containing
OPD and H2O2 with an insignificant absorbance in the mea-
sured range. In contrast, with any of Fe3O4 nanocrystals, the
solutions gave an orange color with maximum absorbance at
450 nm, which originated from the oxidation product of
OPD;[1] but there was still a difference in absorbance inten-
sity for different Fe3O4 nanostructures. These results indicat-
ed that the Fe3O4 nanocrystals
had peroxidase-like activity to-
wards typical peroxidase sub-
strates, such as TMB and OPD,
in the presence of H2O2; but
different Fe3O4 nanostructures
might exhibit different catalytic
activities. The possible reaction
mechanism was speculated to
be that shown in Scheme 1.

pH-, temperature-, and struc-
ture-dependent catalytic activi-
ties of the Fe3O4 nanocrystals : To investigate the catalytic
activities of different Fe3O4 nanostructures, the substrates
TMB and H2O2 were selected for use in a model system in
the following experiments. To acquire an optimal response,

Figure 3. Room-temperature magnetization curves as a function of field
for cluster sphere (&), triangular plate (*), and octahedral (~) Fe3O4

nanostructures.

Figure 4. Typical photographs and relative activity of TMB-derived oxi-
dation product, in the presence of H2O2, catalysed by the Fe3O4 nano-
crystals with different structures or without Fe3O4: A) cluster spheres,
B) triangular plates, C) octahedra, and D) without Fe3O4.

Figure 5. Typical photographs and relative activity of OPD-derived oxida-
tion product, in the presence of H2O2, catalysed by the Fe3O4 nanocrys-
tals with different structures or without Fe3O4: A) cluster spheres, B) tri-
angular plates, C) octahedra, and D) without Fe3O4.

Scheme 1. The possible reac-
tion mechanism of the oxida-
tion of peroxidase substrates
in the presence of H2O2, cata-
lysed by the Fe3O4 nanocrys-
tals. DH2 is a substrate that is
a hydrogen donor.
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the effects of pH and temperature on the catalytic activities
of the Fe3O4 nanocrystals were investigated. The pH varied
from 2 to 10 and the temperature from 25 to 80 8C. The re-
sponse curves in Figure 6 show that the optimized catalytic

conditions are approximately pH 4.0 and 40 8C. To exclude
the possibility of leaching of iron ions from the Fe3O4 nano-
crystals into the reaction solution, the Fe3O4 nanocrystals
were incubated in standard reaction buffer (pH 4.0) and
then removed by an external magnet. The absorption curves
of the leaching solutions were tested. All of the leaching sol-
utions presented a negligible absorption, indicating that the
observed peroxidase-like activities were derived from the
Fe3O4 nanocrystals themselves rather than as a result of iron
leaching.

Figure 7 shows the time-dependent catalytic activity of
different Fe3O4 nanostructures under the optimized catalytic
conditions (pH 4.0 and 40 8C). The different Fe3O4 nano-
structures showed different levels of activity over the reac-
tion time, in the order of cluster spheres> triangular
plates>octahedra, and the plateaus appeared within 30 min.
The Michaelis constants (Km) were determined to explore
the correlation between the structures and the activities. As
summarized in Table 1, the Km value of the cluster spheres
with TMB as the substrate was about two times lower than
that of the triangular plates and 2.5 times lower than that of
the octahedra. The results indicated that the cluster spheres
had the highest affinity for TMB and the triangular plates

exhibited medium affinity, higher than the octahedra. Ac-
cording to the structural analysis mentioned above, although
the sizes of the three Fe3O4 nanostructures were similar in
dimension, the cluster spheres were composed of many pri-
mary particles and displayed larger specific surface areas
than the triangular plates and the octahedra according to
BET analysis (in Table 1). For the cluster spheres, more cat-
alytically active iron atoms at the surface interacted with the
substrate; therefore, the cluster spheres exhibited the high-
est activity. In addition, although the size and surface area
of the triangular plates were close to those of the octahedra,
the surface atom arrangements of {220} and {111} planes
were quite different, as shown in Figure S2 in the Support-
ing Information. The atomic structure of the former might
be a more reactive surface due to its more open plane and
dangling bonds;[22,30,33, 34] accordingly, the triangular plates
with {220} planes exhibited a superior catalytic activity to
the octahedra with {111} planes.

Reusability of the Fe3O4 nanocrystals as peroxidase nanomi-
metics : The Fe3O4 nanocrystals, as a kind of inorganic mate-
rials, are expected to be more thermally and chemically
stable than natural peroxidases. To investigate their reusabil-
ity as peroxidase nanomimetics, the recycling catalysis ex-
periments of the cluster spheres were carried out and the
catalytic activity was examined in each cycle. As shown in
Figure 8, only a small decrease in the absorbance was ob-
served after seven successive cycles, with no significant re-
duction as a whole. SEM micrographs of the cluster spheres

Figure 6. Effects of pH (A) and temperature (B) on the catalytic re-
sponse of the cluster sphere (&), triangular plate (*), and octahedral (~)
Fe3O4 nanocrystals with the substrates TMB and H2O2.

Figure 7. A time-dependent catalytic activity of cluster sphere (&), trian-
gular plate (*), and octahedral (~) Fe3O4 nanostructures with TMB and
H2O2 as the substrates under the optimized conditions (i.e., 0.2m acetate
buffer, pH 4.0 at 40 8C).

Table 1. Comparison of the structural characteristics and the Km values
of different Fe3O4 nanostructures.

Nanostructures Specific surface
area [m2 g�1][a]

Exposed
planes

Km

[mm]

cluster spheres 34.5 ACHTUNGTRENNUNG{311} 0.23
triangular plates 11.7 ACHTUNGTRENNUNG{220} 0.46
octahedra 9.1 ACHTUNGTRENNUNG{111} 0.58

[a] Based on BET surface area analysis.
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after recycling catalysis in Figure S3 in the Supporting Infor-
mation showed that the morphology and dimension of the
cluster spheres remained unchanged, and no clear agglomer-
ation was observed. The small decrease in the absorbance
was presumed to be as a result of gradual loss of the cluster
spheres due to repeated magnetic separations. This indicates
that the cluster spheres were stable and exhibited excellent
reusability in the catalysis process; they might be superior to
individual aggregation-prone primary particles in terms of
stability and recycling utilization.

Conclusion

Fe3O4 nanocrystals with different structures, cluster spheres,
octahedra, and triangular plates, have been successfully fab-
ricated by a similar hydrothermal procedure. These different
Fe3O4 nanostructures had different specific surface areas
and exposed crystal planes, and thus exhibited different
levels of peroxidase-like activities, in the order of cluster
spheres> triangular plates>octahedra; this order was close-
ly related to their preferential exposure of catalytically
active iron atoms or crystal planes. This indicates that selec-
tive fabrication of peroxidase nanomimetics with different
structures is very important to harness their catalytic activi-
ties. This investigation is of particular significance for mech-
anistic understanding and technological applications of per-
oxidase nanomimetics for biotechnology, environmental
chemistry, and medicine.

Experimental Section

Materials and preparation : TMB and OPD were purchased from Sigma–
Aldrich. Hydrogen peroxide (30 %) was from Shanghai Biochemical Re-
agent FeCl3·6 H2O, anhydrous NaAc, ethylene glycol (EG), and other
chemical reagents were of analytical grade and used as received without
further purification. All solutions were prepared with deoxygenated
doubly distilled water.

Typical synthesis of the Fe3O4 nanocrystals with different structures :
Fe3O4 cluster spheres were fabricated by hydrothermal treatment as fol-
lows: FeCl3 (5 mmol) was dissolved in EG (40 mL) to form a clear solu-
tion, followed by the addition of anhydrous CH3ONa (40 mmol). The
mixture was vigorously mixed by ultrasonication to give a homogeneous
solution. Then the solution was transferred to a Teflon-lined stainless
steel autoclave (50 mL capacity) for hydrothermal treatment at 200 8C
for 10 h. After the autoclave was allowed to cool to room temperature,
the precipitates were collected by magnetic separation and washed sever-
al times with water and ethanol under sonication, then dried under
vacuum at room temperature before characterization and application. In
addition, the reactants were adjusted to 50 mmol of CH3ONa, and
50 mmol of CH3ONa associated with 1 mL of water, and the rest of the
synthesis conditions were kept the same as those mentioned above for
the fabrication of octahedra and triangular plates, respectively.

Characterization : Field-emission SEM images were obtained by using a
Hitachi S-4800 field-emission electron microscope at an accelerating volt-
age of 5 kV. TEM images and the corresponding SAED patterns were
taken by using a JEOL JEM-2100 transmission electron microscope at an
accelerating voltage of 200 kV. XRD measurements were performed on a
Japan Shimadzu XRD-6000 diffractometer with CuKa radiation (l=

0.15418 nm); a scanning rate of 0.058 s�1 was applied to record the pat-
terns in the 2q range of 10–708.

Peroxidase-like catalytic experiments of the Fe3O4 nanocrystals with dif-
ferent structures : The peroxidase-like activities of the Fe3O4 nanocrystals
with different structures were examined in acetate buffer (2 mL; 0.2 m,
pH 4.0) containing Fe3O4 nanocrystals (50 mm), in the presence of H2O2

(530 mm) and TMB (816 mm). The reactions were monitored in wave-
length-scan mode or time-scan mode at 652 nm by using a Shimadzu UV-
3600 spectrometer. Assays were carried out under the optimized condi-
tions as described above by varying the concentrations of TMB and
maintaining a fixed concentration of H2O2. The apparent steady-state re-
action rates of three Fe3O4 nanostructures were deduced according to
their absorbance data and the molar absorption coefficient of
39000 m

�1 cm�1 for TMB-derived oxidation products[34] . The reaction
rates were fitted to the Michaelis equation to extract the Michaelis con-
stants (Km). The reusability of the Fe3O4 nanocrystals as peroxidase nano-
mimetics were investigated by using cluster spheres as an example. The
catalytic activity was examined in each cycle after incubation and mag-
netic separation of the used cluster spheres. The separated cluster spheres
were rinsed with deionized water and used in the next cycle; seven cycles
were conducted in all.
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