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ABSTRACT: This study attempts to understand the intrinsic
impact of different morphologies of nanocrystals on their
electrochemical stripping behaviors toward heavy metal ions.
Two differently shaped Fe3O4 nanocrystals, i.e., (100)-bound
cubic and (111)-bound octahedral, have been synthesized for
the experiments. Electrochemical results indicate that Fe3O4
nanocrystals with different shapes show different stripping
behaviors toward heavy metal ions. Octahedral Fe3O4
nanocrystals show better electrochemical sensing perform-
ances toward the investigated heavy metal ions such as Zn(II),
Cd(II), Pb(II), Cu(II), and Hg(II), in comparison with cubic
ones. Specifically, Pb(II) is found to have the best stripping performance on both the (100) and (111) facets. To clarify these
phenomena, adsorption abilities of as-prepared Fe3O4 nanocrystals have been investigated toward heavy metal ions. Most
importantly, combined with theoretical calculations, their different electrochemical stripping behaviors in view of facet effects
have been further studied and enclosed at the level of molecular/atom. Finally, as a trial to find a disposable platform completely
free from noble metals, the potential application of the Fe3O4 nanocrystals for electrochemical detection of As(III) in drinking
water is demonstrated.
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■ INTRODUCTION

In the past several decades, enhanced attention has been paid to
the determination of heavy metal ions, because they are
extremely harmful in the biosphere and even trace amounts of
them pose a detrimental risk to human health.1−3 Among the
current developed approaches, electrochemical analysis,
especially the anodic stripping voltammetry method, has been
popularly applied due to its short analysis time, portability, low
cost, etc.4−8 To obtain high sensitive and selective detection,
various functional materials with the accumulating ability to
specific heavy metal ions have been widely reported to modify
electrochemical electrodes.9−15 The basic principle results from
the selective interaction of modifiers leads to its selective
response, which has been demonstrated in our previous
research.16−18

Recently, owing to their special chemical and physical
properties, nanostructured metal oxides have been widely
applied to the adsorption and removal of various heavy metal
ions.19−23 Motivated by this point, they have been employed as
promising modifiers of electrochemical electrodes to accumu-
late heavy meal ions, improving the good sensitivity and
selectivity.24−26 For example, MgO nanoflowers exhibited

excellent sensing performance toward Pb(II) and Cd(II)
without any interference from other heavy metal ions.25 Well-
arranged porous Co3O4 nanosheets presented a high sensitivity
and a quite nice low detection limit because of their high
adsorption capacities.27 Especially, by combining the high
adsorptivity of Fe3O4 microspheres toward As(III), the Fe3O4-
RTIL (room temperature ionic liquid) composite modified
screen-printed carbon electrode showed even better electro-
chemical performance, e.g., sensitivity reaches 4.91 μA ppb−1,
than commonly used noble metals. Under the optimized
conditions, it offered direct detection of As(III) within the
desirable range (10 ppb) in drinking water as specified by the
World Health Organization (WHO). Undoubtedly, their
sensing performances can be greatly enhanced through
employing the nanostructured metal oxide. However, different
from organic functional carbon nanotubes and other modifiers,
nanostructured metal oxides have no organic groups selectively
complexing with heavy metal ions. Their enhancing effects are
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generally ascribed to an increased microscopic surface
area.18−20,28 And not enough information on scientifically
understanding their enhancing sensing effect could be found.
Actually, single-crystal nanomaterials with different morphol-

ogies are exposed with distinct facets, exhibiting specific
physical and chemical properties.29−33 Typically, controlling
the shape and thus facets of nanocrystals can manipulate their
performance in catalytic reactions. For example, Co3O4
nanosheets with exposed (112) facets exhibited enhanced
catalytic activity for methane combustion than Co3O4 nanobelts
with (011) facets and nanocubes with (001) facets.34 Similar
effects have also been extended to electrocatalytic behaviors of
nanomaterials. Zhu et al. experimentally reported that the
peroxidase-like activities of Fe3O4 nanocrystals were structure
dependent and followed the order cluster spheres > triangular
plates > octahedral.35 Obviously, the above-mentioned surface
catalytic activities could be specifically manipulated by distinct
crystallographic facets, which is intrinsically arised from atom
arrangement manners and dangling bonds on the exposed
surface.36−39

The surface interaction, as a critical step, is inevitably
involved in the electrochemical detection of heavy metal ions at
the modified electrodes. Initiated from this view, we envisage
that electrochemical stripping behaviors of heavy metal ions
could depend on their interactions with the surfaces of
modified nanomaterials, meaning that it is also controlled by
the effect of crystal facets. To demonstrate this idea, herein two
differently shaped Fe3O4 nanocrystals has been prepared and
their stripping behaviors toward heavy metal ions have been
carefully investigated in experiment and theory. First, cubic and
octahedral nanocrystals Fe3O4 have been prepared, which are
exposed with (100) and (111) facets, respectively. Electro-
chemical stripping behaviors of heavy metal ions, e.g., Pb(II),
Zn(II), Cd(II), Cu(II), and Hg(II), on both cubic and
octahedral Fe3O4 nanocrystals were thoroughly investigated.
Adsorption experiments of cubic and octahedral Fe3O4
nanocrystals toward the five mentioned metal ions were carried
out to assess the adsorption capacity of Fe3O4 nanocrystals.
Theoretical computations by density functional theory (DFT)
were performed to demonstrate the surface interaction between
the heavy metal ions and different facets and to further
understand the different stripping behaviors. The results will
provide important insights into the broad impacts of exposed
facets of nanocrystals on the increased electroanalytical
performances of nanostructured materials.

■ EXPERIMENTAL SECTION
Chemical Reagents. All chemicals were of analytical grade and

used as received without any further purification from Sinopharm
Chemical Reagent Co., Ltd. (China). Stock solutions of Zn(II),
Cd(II), Pb(II), and Cu(II) were prepared by dissolving Zn(NO3)2·
6H2O, 3CdSO4·8H2O, Pb(NO3)2, and Cu(NO3)2 in deionized (DI)
H2O, respectively. Hg(II) was prepared by dissolving Hg(NO3)2 in DI
H2O assisted by several drops of HNO3. Acetate buffer solutions of 0.1
M with different pH were prepared by mixing stock solutions of 0.1 M
NaAc and HAc. Phosphate buffer solutions (PBS) of 0.1 M were
prepared by mixing stock solutions of 0.1 M H3PO4, KH2PO4,
K2HPO4, and NaOH. NH4Cl−NH3·H2O (0.1 M) solution was
prepared by mixing stock solutions of 0.1 M NH4Cl and NH3·H2O in
different proportions. All solutions were prepared with DI H2O of
resistivity not less than 18.2 MΩ cm.
Preparation of Cubic and Octahedral Fe3O4 Nanocrystals. In

a typical synthesis of cubic Fe3O4 crystals similar to a previous
report,40 FeSO4·7H2O (2.5 mmol) was dissolved into DI H2O (30

mL) under vigorous stirring. Then, N2H4·H2O (5 mL, 55 vol %) was
added under a blanket of N2. Subsequently, the pH value of the
solution was adjusted to 11 by dropping a certain amount of KOH
solution (5 M). Finally, the above solution was transferred into a
Teflon-lined stainless-steel autoclave of 50 mL capacity and sealed to
heat at 200 °C for 24 h. After the reaction and naturally cooling to
room temperature, the products were obtained. For synthesis of
octahedral Fe3O4 nanocrystals, a mild hydrothermal approach was
employed without involving any surfactants. Briefly, FeSO4·7H2O (2.5
mmol) was dissolved into DI H2O (80 mL). Following the addition of
2.0 M KNO3 (10 mL) and 1.0 M NaOH (10 mL), the solution in an
oxygen-free environment was stirred at 40 °C for 8 h, which leads to
the formation of octahedral Fe3O4 nanocrystals. At last, all obtained
products were washed with water and ethanol for several times and
then dried in a vacuum at 60 °C.

Fabrication of Modified Electrochemical Electrodes. Prior to
modification, the glassy carbon electrode (GCE, diameter of 3 mm)
was sequentially polished with 0.3 and 0.05 μm alumina powder
slurries to a mirror shiny surface and successively sonicated with 1:1
(V/V) HNO3 solution, ethanol, and DI water to remove any adsorbed
substances on its surface. As-prepared cubic or octahedral Fe3O4

nanocrystals (4 mg) were dissolved into ethanol (1 mL) and sonicated
to obtain a homogeneous suspension. Then, the above suspension (3
μL) was dropped onto the fresh surface of GCE. With the solvent
completely evaporated at room temperature, cubic or octahedral
Fe3O4 nanocrystals modified electrodes were obtained.

Electrochemical Experiments. Square wave anodic stripping
voltammetry (SWASV) was used for the electrochemical detection.
First, the modified electrode was immersed in a 10 mL solution
containing heavy metal ions for a certain time (20 min) in an open
circuit. During preconcentration, the solution was efficiently stirred.
Then the electrode was carefully washed with DI H2O and kept in the
cell containing 10 mL of supporting electrolyte solution. A negative
potential of −1.0 V (−1.4 V for Zn(II)) was immediately applied for
120 s to completely reduce the adsorbed heavy metal ions in 0.1 M
NaAc−HAc (pH = 5). Subsequently, the anodic stripping (reoxidation
of metal to metal ions) was performed in a certain potential range with
a frequency of 10 Hz, amplitude of 25 mV, and step potential of 4 mV.

Adsorption Experiments. Adsorption was carried out using a 25
mL Erlenmeyer flask containing 10 mg of adsorbents and 0.1 mM
aqueous solutions of heavy metal ions at room temperature, which was
continuously stirred for 24 h. Then the adsorbents were separated by
centrifugation. The concentration of heavy metal ions remaining in the
solution was analyzed using inductively coupled plasma atomic
emission spectrophotometry (ICP-AES) (Thermo Fisher Scientific,
model ICP 6300).

Computational Details. First principle calculations were
performed to investigate the adsorption ability of different metal
ions on the Fe3O4 (100) and (111) surfaces. All calculations were
performed within the framework of density functional theory (DFT),
as implemented in the Vienna ab-initio simulation package
(VASP).41,42 Electronic exchange and correlation are included through
the generalized gradient approximation (GGA) in the Perdew−
Burke−Ernzerhof (PBE) form.43 The projector-augmented wave
(PAW) method is used to describe the electron interaction and the
plane-wave kinetic-energy cutoff is set as 400 eV. The most stable
(100) and (111) surface was used as the adsorption surfaces. The
lattice parameters of each surface unit cell are chosen according to the
corresponding optimized bulk parameters. The supercell of the slab
model is composed of 2 × 2 repeating unit cells and the 2 × 2 × 1 k-
point mesh is used for the calculation. After the adsorbed structures
are set up, an optimization of the atomic positions is performed for
each structure under the restriction of fixed lattice parameters and
fixed three bottom layers. The ground state geometries are obtained by
minimizing the forces on each atom to become less than 0.02 eV/Å.
Adsorption energy, Eads, of each metal atom adsorbing on the surfaces
is defined as Eads = Eads‑slab − (Eslab + Emetal atom), where Eads‑slab is the
total energy of the slab interacting with metal atom; Eslab is the total
energy of bare slab; Emetal atom is the energy of one metal atom in the
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vacuum. Therefore, the more negative the Eads, the stronger the
interaction of heavy metal with the Fe3O4 surface.
Apparatus. Electrochemical experiments were recorded using a

CHI 660D computer-controlled potentiostat (ChenHua Instruments
Co., Shanghai, China) with a standard three-electrode system. A bare
or modified GCE served as a working electrode; a platinum wire was
used as a counter electrode with a saturated Ag/AgCl electrode (SCE,
ChenHua Instruments Co., Shanghai, China) completing the cell
assembly.
The morphologies of the as-prepared samples were investigated by

scanning electron microscopy (SEM, Quanta 200 FEG, FEI Company,
USA). Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) analyses were performed using a JEM-2010
transmission electron microscope operated at 200 kV (quantitative
method: Cliff−Lorimer thin ratio section).

■ RESULTS AND DISCUSSION
Characterization of Fe3O4 Nanocrystals. Fe3O4 nano-

crystals with cubic and octahedral morphologies have been
prepared via a similar hydrothermal method without involving
any surfactants, the SEM images are shown in Figure 1a,b. It is
seen that as-synthesized Fe3O4 nanocrystals present regular
cubic and octahedral structures, respectively. The distributions
of their particle sizes are uniform, which can be inferred from
the insets of Figure 1a,b, respectively. For cubic nanocrystals, it
is mainly distributed in the range of 350−450 nm, which is
larger than 85−95 nm of octahedral ones. It is important to
mention that the adsorption difference at a level of tens of
nanometers to hundreds of nanometers could be ignored,44

that is, we do not need to consider the size effect in the
following study. TEM images shown in Figure 1c,d further
demonstrate that as-synthesized Fe3O4 nanocrystals are with
perfect cubic and octahedral morphologies. On the basis of the

HRTEM image (Figure 1e) and SAED pattern (Figure 1f),
evidently as-prepared cubic nanocrystals is a single-crystalline
structure exposed with the (100) facet. The adjacent lattice
fringe spacing of about 0.21 and 0.29 nm correspond to the
(200) and (220) facets of Fe3O4 nanocrystals, respectively.

40,45

For octahedral nanocrystals, they are also with the single-
crystalline structure. Different from cubic one, octahedral Fe3O4

nanocrystals are enclosed with (111) facet, which can be
concluded from its HRTEM image (Figure 1g) and SAED
pattern (Figure 1h). The adjacent lattice fringe spacing of about
0.49 nm corresponds to the (111) facet of the Fe3O4

nanocrystals. To further characterize the composition of as-
prepared samples, their X-ray diffraction (XRD) patterns have
been performed and shown in Figure 2. It can be seen that
XRD pattern of cubic nanocrystals is identical to octahedral
ones. They are both indexed to that of Fe3O4 with face-
centered-cubic structure (JCPDS card No. 65-3107). Moreover,
no diffraction peaks of any other phases can be observed,
indicating the high purity of as-prepared products is obtained.
The strong and sharp diffraction peaks further reveal that as-
synthesized Fe3O4 cubic and octahedral nanocrystals are both
well crystallized. Details for synthesis and BET results could be
seen in the Supporting Information (Figures S1−S4).

Stripping Behaviors of Heavy Metal Ions on Fe3O4
Nanocrystals. Prior to the stripping experiments, the modified
electrodes were basically characterized using cyclic voltammo-
grams and Nyquist diagram of electrochemical impedance
spectra (Supporting Information, Figures S5 and S6), and
optimization of electrochemical conditions was seen in Figure
S7 (Supporting Information). SWASV curves toward various
concentrations of Pb(II) on cubic and octahedral Fe3O4

Figure 1. SEM images of Fe3O4 nanocrystals: (a) cubic, (b) octahedral; the insets in (a) and (b) are the corresponding distribution of their particle
sizes. TEM images of Fe3O4 nanocrystals: (c) cubic, (d) octahedral. HRTEM images of Fe3O4 nanocrystals: (e) cubic, (g) octahedral. SAED patterns
of Fe3O4 nanocrystals: (f) cubic, (h) octahedral.
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nanocrystals modified electrodes have been performed (Figure
3). Clearly, it can be observed that octahedral Fe3O4
nanocrystals have a much higher sensitivity and lower limit of
detection toward Pb(II) than that of cubic Fe3O4 nanocrystals.
The more positive shift of the peaks shown in Figure 3a should

be ascribed to the consequence of the overlap of diffusion layers
produced from the stripping of the Pb(0) to Pb(II).
Figure 4a shows that the stripping peak currents at about

−0.49 V are greatly enhanced on the modified electrode.

However, at bare GCE, it only presents a weak response, which
can be neglected. Interestingly, the response of octahedral
nanocrystal modified electrode is much better than that on
cubic ones. As seen from the comparison of calibration plots of
Pb(II) shown in Figure 4b, the peak current densities increased
linearly versus the Pb(II) concentrations with a sensitivity of
235.97 μA cm−2 μM−1 for cubic nanocrystals and 1577.60 μA
cm−2 μM−1 for octahedral ones, which are much higher than
that of bare GCE (3.46 μA cm−2 μM−1). The results indicate
that Fe3O4 nanocrystals employed to modify GCE greatly
improve the sensing performances to Pb(II). And (111)-bound
octahedral Fe3O4 nanocrystals exhibit better electrochemical
performances than (100)-bound cubic Fe3O4 nanocrystals.
Notably, it is clear that the Fe3O4 nanocrystals modified
electrodes show essentially the same stripping peak so that the
metal is stripped from the electrode surface in all cases (and not
from the surface of the iron oxides). The role of the iron oxides
is to increase the size of the signal but not change its nature (its
stripping is from the electrode as above, see inset in Figure 4a).
This likely happens via preconcentration of the target ions on
the iron oxides (via reversible adsorption onto the iron oxides)

Figure 2. XRD patterns of as-synthesized cubic and octahedral Fe3O4
nanocrystals. X-ray diffraction (XRD) patterns were recorded with a
Philips X’Pert X-ray diffractometer, using Cu Kα (λKα1 = 1.5418 Å) as
the radiation source.

Figure 3. Typical SWASV response of (a) octahedral and (b) cubic
Fe3O4 nanocrystals modified GCE for determination of Pb(II). Insets
are the corresponding linear calibration plots of peak current against
concentrations. Supporting electrolyte, 0.1 M acetate buffer (pH 5.0);
accumulation time, 20 min; reduction potential, −1.0 V; reduction
time, 120 s; amplitude, 25 mV; increment potential, 4 mV; frequency,
50 Hz. The dotted line refers to the baseline.

Figure 4. (a) Typical SWASV responses of 1.0 μM Pb(II) at bare
(black line), cubic Fe3O4 nanocrystals (red line), and octahedral Fe3O4
nanocrystals (blue line) modified GCE in 0.1 M NaAc−HAc solution
(pH = 5.0). Inset is an enlarged SWASV response of 1.0 μM Pb(II) at
bare GCE. The dotted line is the baseline. (b) Corresponding linear
calibration plots of peak current density against concentrations of
Pb(II).
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and then when a negative potential is applied to the electrode
these ions move from the iron oxide (desorb) and become
plated as lead on the electrode. Then when the stripping
sequence is applied, larger signals are seen. Thus, the different
signals reflect different extents of adsorption of Pb(II) on the
different crystal faces, as will be carefully discussed by the
following adsorption experiments and theoretical calculations.
Besides Pb(II), the analytical performances of (100)-bound

cubic and (111)-bound octahedral Fe3O4 nanocrystals toward
other metal ions, such as Zn(II), Cd(II), Cu(II), and Hg(II)
were systematically compared, as shown in Figure 5. Their

corresponding SWASV responses and linear calibration plot
can be found in the Supporting Information, Figures S8 and S9.
Different from stripping behaviors of Pb(II), all of them present
weaker stripping peaks with lower sensitivities. First, the
sensitivities of Zn(II), Cd(II), Cu(II), and Hg(II) on cubic
Fe3O4 nanocrystals shown in Figure 5a are about 10.20, 64.08,
24.29, and 40.41 μA cm−2 μM−1, respectively. And their limits
of detection (LODs) are about 0.31, 0.21, 0.12, and 0.35 μM,
respectively (Figure 5b). Obviously, the cubic nanocrystals
modified GCE shows the best response for Pb(II) among all
investigated heavy metal ions. Second, through exploring the
stripping behaviors of heavy metal ions on octahedral Fe3O4
nanocrystals modified GCE, similar results have also been
obtained that it shows the best response to Pb(II), which can
be demonstrated from the sensitivity of Zn(II), Cd(II), Cu(II),
and Hg(II) shown in Figure 5a. Their sensitivities are about
14.57, 126.57, 128.00, and 126.29 μA cm−2 μM−1, respectively,
which is lower than that of Pb(II). Furthermore, the LODs on

(111)-bound octahedral nanocrystals are about 0.74 (Zn(II)),
0.14 (Cd(II)), 0.39 (Cu(II)), and 0.43 (Hg(II)) μM,
respectively (Figure 5b). It is easy to find that stripping
behaviors of metal ions on (111)-bound octahedral nanocryst-
als are superior to that on (100)-bound cubic nanocrystals.
As discussed above, the nature of increased stripping signal is

via reversible adsorption of the target ions onto the iron oxides’
surface. To make sure the contribution of the adsorption, their
adsorption capabilities of cubic and octahedral Fe3O4 nano-
crystals toward different heavy metal ions have been addressed,
the results are shown in Figure 6. Here the adsorption capacity

of cubic and octahedral Fe3O4 nanocrystals was calculated with
the correction of specific surface area to eliminate the effect of
surface area. As seen, adsorption capacity of Fe3O4 nanocrystals
for different metal ions is quite distinguishing. Both cubic and
octahedral Fe3O4 nanocrystals present the highest adsorption
capacity toward Pb(II), which is well in agreement with its best
response on their modified electrodes. Moreover, octahedral
Fe3O4 nanocrystals show a higher adsorption capacity than
cubic nanocrystals for any metal ions. It can be concluded that
the adsorption performances of the Fe3O4 nanocrystals to
heavy metal ions are in agreement with their electrochemical
behaviors.

Theoretical Calculations. To further understand how the
facets of Fe3O4 nanocrystals affect the adsorption behavior of
metal ions, we performed density functional theory (DFT)
calculations to explore the adsorption energies of Zn, Cd, Pb,
Cu, and Hg atoms on Fe3O4(100) and (111) surfaces. The
adopted computational models are similar to the recent report
on Li storage capability of Ti3C2 and Ti3C2X2 (X = F, OH)
monolayers.46 The most stable surfaces, as shown in Figure 7,
were selected as typical Fe3O4(100) and (111) surface,
respectively. After geometry optimizations, the most favorable
adsorption site on the (100) surface is shown in Figure 7a,
marked by S, whereas two favorable adsorption sites (marked
by SA and SB) can be identified on (111) surface (Figure 7b).
This can be attributed to the different atomic structure of
Fe3O4 (100) and (111) surfaces.47−49 It is well-known that
metal atoms prefer to bind with the O atom of the Fe3O4
surface. Although both (100) and (111) surfaces have 16
surface oxygen atoms in each supercell, the site provided for the
heavy metal atom adsorption is quite different because of the

Figure 5. Comparison of (a) sensitivity and (b) limit of detection (3σ
method) for SWASV detection of Zn(II), Cd(II), Pb(II), Cu(II), and
Hg(II) at Fe3O4 cubic and octahedral nanocrystals, respectively.

Figure 6. Adsorption of cubic and octahedral Fe3O4 nanocrystals for
0.1 mM Zn(II), Cd(II), Pb(II), Cu(II), and Hg(II). Adsorbent dose =
1 g·L−1; solvent, H2O, pH = 7.0 ± 0.2; shaking rate = 100 rpm; contact
time = 24 h; T = 298 K.
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different number of surface Fe atoms. On the (100) surface,
there are 12 Fe atoms that occupied most of the adsorption
sites, but there are only 4 surface Fe atoms on the (111)
surface. Hence, there are four adsorption sites on the (100)
facets, whereas there are 12 adsorption site SA and four
adsorption site SB on the (111) facets, as shown in Figure 7. It
can be deduced that, within the same surface area, the
adsorption site on the (111) facet is much more than that on
the (100) facet. Accordingly, the number of adsorption sites on
the exposed surfaces will contribute to the adsorption capacity
of heavy metal ions, which further affects their electrochemical
stripping behaviors.
Besides the adsorption site, the adsorption energies of

different metal atoms on the Fe3O4 (100) and (111) surfaces
are also quite different. Table 1 lists the calculated adsorption

energies of different heavy metal atoms on the (100) and (111)
facets. As seen, among all the considered heavy metal atoms, Pb
has the largest adsorption energy on both Fe3O4 (100) and
(111) surfaces. That is, the adsorption energies of Pb on the
(100) and (111) facets are −3.01 and −3.65/−3.64 eV,
respectively. For Zn, Cd, and Hg atoms, the adsorption
energies are quite small on both the (100) and (111) facets,
demonstrating a weak or nonadsorption. This calculation result
is quite consistent with our experimental observations: Pb
shows the highest adsorption capacity on both the (100) and
(111) facets and also represents better electrochemical sensing
performance than Zn, Cd, and Hg. An exception case is for Cu,
where theoretical calculations demonstrated its moderate
adsorption ability but weak electrochemical sensing ability
was observed in our experiment. This can be explained from
the Cu−O bond length observed from Figure 8, which is
1.969/1.993 Å. The short bond length makes it more easily
adsorbed onto Fe3O4 nanocrystals. Nevertheless, not only
adsorption ability has great influence on electrochemical
performance but also desorption ability. The weaker desorption
ability has hindered its redeposit process and even affected
electrochemical stripping behaviors.
The different adsorption ability of these heavy metal atoms

can also be observed from their adsorption structures. Figure 8
shows the optimized adsorbing structures of different heavy
metal atoms on the surface of (100)-bound cubic Fe3O4
nanocrystals. The heavy metal atoms prefer to bind with two
O atoms as well as one Fe atom. The distances of M−O are
presented in the order of Cu−O (1.993 Å/1.969 Å) < Pb−O
(2.356 Å/2.303 Å) ≈ Zn−O (2.567 Å/2.230 Å) < Cd−O
(3.076 Å/2.932 Å) < Hg−O (3.374 Å/3.349 Å), which is not
consistent with the order of heavy metal atom radii of Cu (1.17
Å) < Zn (1.25 Å) < Cd (1.48 Å) ≈ Hg (1.44 Å) ≈ Pb (1.47 Å).
Obviously, the abnormal short distance Pb−O is presented,
which is attributed to its strong adsorbing interaction with the
surface of Fe3O4.
Similar phenomena can be also observed for metal atom

adsorption on octahedral Fe3O4 nanocrystals exposed with
(111) facets. The optimized adsorbing structures are shown in
Figure 9; it can be seen that the heavy metal atoms prefer to
adsorb on the hollow site of surface oxygen atoms. Such hollow
adsorption sites can be further classified as SA and SB on the
basis of whether or not there is a second layer Fe atom under

Figure 7. Possible adsorption sites on (a) cubic and (b) octahedral
Fe3O4 nanocrystals. S, adsorption sites of heavy metal ions on Fe3O4
(100) facet; SA and SB, two kinds of adsorption sites of heavy metal
ions on the Fe3O4 (111) facet.

Table 1. Adsorption Energy (eV) of Heavy Metal Ions on
Cubic and Octahedral Fe3O4 Nanocrystals

a

Fe3O4 (111)

heavy metal ions Fe3O4 (100) SA SB

Cd −0.27 0.03 −0.04
Cu −2.08 −2.09 −2.13
Hg 0.09 −0.16 0.48
Pb −3.01 −3.65 −3.64
Zn −0.49 −0.69 −0.65

aSA and SB, two kinds of adsorbing sites on octahedral Fe3O4
nanocrystals.

Figure 8. Top/side views of optimized geometric structures for adsorption states of heavy metal ions on cubic Fe3O4 nanocrystals exposed with
(100) facets.
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the hollow site. Compared with adsorption on the (100) facet
where the heavy metal atom is coordinated by two O atoms
and one Fe atom, the heavy metal atom adsorption on the
(111) facets is coordinated by three O atoms. Thus, a strong
adsorption on the (111) surface is expected because the
binding of M−O is stronger than that of M−Fe. For example,
the calculated adsorption energy of Pd atom on the (111)
surface is −3.65 and −3.64 eV on SA and SB, respectively, which
is ∼0.6 eV larger than that on the (100) facet. On the basis of
the above calculation results, we can conclude that Pb
adsorption on Fe3O4 (100) and (111) is much more favorable
than the Cd, Cu, Hg, and Zn atoms. In addition, the facet of
Fe3O4 affects the adsorption of heavy metal atoms. Metal atom
adsorption on the (111) facet is much stronger than on the
(100) facet because of the more adsorption site, as well as the
large adsorption energy. These calculation results support our
experimental observations very well and thus the best striping
behaviors for Pb is well understood.
Detection of As(III). The above experimental and

theoretical results perfectly indicate that octahedral Fe3O4

nanocrystals with higher adsorption energies and more
adsorption sites toward heavy metal ions show much better
electrochemical sensing performances and adsorption abilities

in contrast to cubic Fe3O4 nanocrystals. To further check these
results, their electrochemical stripping behaviors toward As(III)
have been performed. Arsenic is a good model contaminant for
further confirmation because it exhibits strong adsorption onto
iron oxide (Fe3O4) nanocrystalline surfaces, and its interaction
with iron oxides is strong.44,50,51 It has been also demonstrated
that the microspherical Fe3O4-RTIL (room temperature ionic
liquid) composite modified screen-printed carbon electrode
showed even better electrochemical performance than
commonly used noble metals. Similar experimental processes
were employed in the present work. Electrochemical character-
ization of the fabricated electrodes and their active electrode
surfaces are shown in Figure S10 and S11, respectively (see the
Supporting Information for details). Under the optimal
experimental conditions, for cubic Fe3O4 nanocrystals-
[C4dmim][NTf2] modified SPE (Figure 10a), As(III) in a
concentration range of 10 to 200 ppb was determined with the
sensitivity of 1.08 μA cm−2 ppb−1 and a correlation coefficient
of 0.977. The lowest detectable concentration actually
measured is 10 ppb. In contrast to bare SPE (1.04 μA cm−2

ppb−1), (100)-bound cubic Fe3O4 nanocrystals almost do not
contribute to the sensitivity and linear range. For octahedral
Fe3O4 nanocrystals-[C4dmim][NTf2] modified SPE (Figure

Figure 9. Top/side views of optimized geometric structures for adsorption states of heavy metal ions on octahedral Fe3O4 nanocrystals exposed with
(111) facets. SA and SB, two kinds of adsorption sites of heavy metal ions on Fe3O4 (111) facets.
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10b), the obtained sensitivity in a relatively low concentration
range of 1−30 ppb is 3.18 μA cm−2 ppb−1, which is about 3-fold
that for cubic Fe3O4 nanocrystals-[C4dmim][NTf2] modified
SPE. Furthermore, a higher correlation coefficient of 0.988 with

a lower actually detectable concentration is down to 1 ppb. As
seen from the sensitivity and linear range, the stripping
behaviors of As(III) on (100)-bound cubic and (111)-bound
octahedral Fe3O4 nanocrystals are facet-dependent. Undoubt-
edly, the greatly enhanced sensitivity is ascribed to the high
adsorptivity of the Fe3O4 (111) facet toward As(III), which can
accumulate more As(III) on the modified electrode surface.
Finally, although the sensitivity of As(III) on (111)-bound
octahedral Fe3O4 nanocrystals has no advantages by compar-
ison with that of the Fe3O4 microsphere, it cannot affect our
understanding about the impact of facet of nanocrystals on
electrochemical stripping behaviors.
Currently, great efforts have been made on designing and

fabricating the modified electrodes for electrochemical
determination of As(III). Especially, a series of successful
work aiming at detecting As(III) is obtained and corresponding
results are shown in Table 2. Such trendy materials such as
noble metal nanoparticles (Au, Ag, Pt, etc.) and organic and
biological sensing materials are involved. Although the
analytical performance of (111)-bound octahedral Fe3O4
nanocrystals is not the best, the results will guide us to find a
new sensing interface (that is, metal oxide) toward As(III) in
controlling the electrode morphology.

■ CONCLUSIONS

In the present work, we have demonstrated that Fe3O4
nanocrystals exposed with different facets present different
electrochemical stripping behaviors toward heavy metal ions.
Among all investigated heavy metal ions, Pb(II) is found to
have the best stripping performances on both (100)- and
(111)-bound Fe3O4 nanocrystals. (111)-bound octahedral
Fe3O4 nanocrystals show a better electrochemical sensing
performance than that of (100)-bound cubic Fe3O4 nanocryst-
als toward heavy metal ions including Zn(II), Cd(II), Pb(II),
Cu(II), and Hg(II). The adsorption abilities of cubic and
octahedral Fe3O4 nanocrystals were measured and in excellent
agreement with electrochemical results. DFT calculations
suggest that different stripping behaviors for heavy metal ions
are attributed to their different adsorption ability on Fe3O4
nanocrystals. Furthermore, compared with Fe3O4 (100) facets,
Fe3O4 (111) facets exhibit relatively larger adsorption energies
and more adsorption sites, which may be the main reason
accounting for the different electrochemical stripping and
adsorption behaviors toward heavy metal ions. These studies

Figure 10. Typical SWASV response of (a) Fe3O4 cubes-[C4dmim]-
[NTf2] and (b) Fe3O4 octahedrons-[C4dmim][NTf2] composite
modified SPE for analysis of As(III) in different concentration ranges.
Insets in panels a and b are corresponding linear calibration plots of
peak current against As(III) concentrations, respectively. Supporting
electrolyte, 0.1 M acetate buffer (pH 5.0); deposition potential, −0.5
V; deposition time, 120 s; amplitude, 25 mV; increment potential, 4
mV; frequency, 15 Hz. The dotted line refers to the baseline.

Table 2. Comparison of Electrochemical Performance of Nanomaterials Modified Electrodes for Voltammetric Determination
of As(III)

electrode electrolyte linear range (ppb) sensitivity (μA ppb−1) ref

CNTs/leucine/Nafion-Pt electrode 0.1 M citrate buffer 1.489−149.8 0.36048 52
CNTs/amino acid-Pt electrode 0.1 M acetate buffer 0.0749−3.782 1.335 53
AgNPs/CT-GCE 1 M HNO3 10−100 0.309 54
Cyt c-BDD 0.1 M PBS 0−750 0.00025 55
ERGO-AuNPs GCE 0.2 M HCl 0.75−375 0.16 56
Au(111)-like Au electrode 0.1 M PBS 9−1125 0.3636 57
AuNPs-GCE 0.5 M H2SO4 1.5−225 2.69 58
Au/Pd GCE 0.1 M acetate buffer 1−25 0.172 59
Au-NEE 0.2 M HCl 0.2−6 65.57 60
Au/Te GCE 1 M HCl 0.1−10 6.35 61
(111)-bound octahedral Fe3O4-SPE 0.1 M acetate buffer 1−30 3.18 this work

Cyt c, cytochrome c; SWCNT, single-wall carbon nanotubes; SPE, screen-printed electrode; PBS, phosphate buffer solution; AuNPs, gold
nanoparticles; GC, glassy carbon microspheres; ERGO, electroreduced graphene oxide.
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reveal that the as-prepared Fe3O4 nanocrystals exhibit
interesting facet-dependent electrochemical behaviors toward
heavy metal ions. This work will contribute to a deep
understanding of intrinsic electrochemical performance on a
certain facet of nanocrystals and be favorable to develop their
novel adsorbents toward heavy metal ions.
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