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ABSTRACT: Iron oxide with diﬀerent crystal phases (α- and γ-Fe2O3)
has been applied to electrode coatings and been demonstrated to
ultrasensitive and selective electrochemical sensing toward heavy metal
ions (e.g., Pb(II)). A range of Pb(II) contents in micromoles (0.1 to 1.0
μM) at α-Fe2O3 nanoﬂowers with a sensitivity of 137.23 μA μM−1 cm−2
and nanomoles (from 0.1 to 1.0 nM) at γ-Fe2O3 nanoﬂowers with a
sensitivity of 197.82 μA nM−1 cm−2 have been investigated. Furthermore,
an extended X-ray absorption ﬁne structure (EXAFS) technique was
applied to characterize the diﬀerence of local structural environment of
the adsorbed Pb(II) on the surface of α- and γ-Fe2O3. The results ﬁrst
showed that α- and γ-Fe2O3 had diverse interaction between Pb(II) and iron (hydro)oxides, which were consistent with the
diﬀerence of electrochemical performance. Determining the responses of Cu(II) and Hg(II) as the most appropriate choice for
comparison, the stripping voltammetric quantiﬁcation of Pb(II) with high sensitivity and selectivity at γ-Fe2O3 nanoﬂower has
been demonstrated. This work reveals that the stripping performances of a nanomodiﬁer have to be directly connected with its
intrinsic surface atom arrangement.
polymorph in nature, has also been explored in the ﬁelds of
medical biotechnology,23 adsorption agents,24,25 and photocatalyst26 owing to the biochemical properties and the unique
magnetic. However, so far, most of the investigations on αFe2O3 or γ-Fe2O3 are individually focused on diﬀerent
applications determined by their diﬀerent physicochemical
properties and crystal phases.27 Very few systemic investigations on both α-Fe2O3 and γ-Fe2O3 could be found in the
literature, such as the comparison of selective catalytic
reduction of nitrogen oxide with ammonia,28 lithium storage
performance,29 and photocatalytic activity.30 To our best
knowledge, the electrochemical performance of α-Fe2O3 and
γ-Fe2O3 has not been previously investigated. Also, although
excellent results in the ﬁeld of catalysis have been reached, very
few reports on the relationship between performance and their
structures were found in the literature. Therefore, it would be a
meaningful work to investigate the electrochemical behaviors
on α-Fe2O3 and γ-Fe2O3 nanoﬂower systematically, and they
may highlight an interesting diﬀerence. Furthermore, the
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eavy metal ions (HMIs) are a destructive threat to all the
lives especially human beings even at a very low
concentration.1−3 Among all of the HMIs, Pb(II) has been
recognized as a representative bivalent metal ion because of its
ubiquitous presence in wastewater and its detrimental eﬀect on
human nervous system, blood circulation system, kidneys, and
reproductive system.4,5 Therefore, concern about the environmental dangers of Pb(II) pollution has led to remarkable eﬀorts
toward developing analytical methods for this metal ion. To
determine the environmental levels of metal ions, electrochemical method has been considered as an eﬃcient method in
detection of Pb(II) because of its fast detection speed, favorable
stability, easy to use, and low cost.3,6−9
Iron(III) oxide (Fe2O3) has attracted considerable scientiﬁc
interest due to its low cost, eco-friendly, and easy to
prepare.10−12 It has four crystal phases: alpha- (α-), beta- (β), gamma- (γ-), and epsilon-Fe2O3 (ε-Fe2O3).13 Among them,
the highly crystalline α-Fe2O3 and γ-Fe2O3 are the common
polymorph in nature and have been well-studied. Hematite (αFe2O3), the most stable iron oxide, has been widely investigated
due to its wide applications in gas sensor,14,15 lithium ion
battery,16−18 water treatment,19−21 and catalyst.22 Meanwhile,
maghemite (γ-Fe2O3), the second most common Fe2O3
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analytical grade and used without further puriﬁcation. Acetate
buﬀer solutions of 0.1 M for diﬀerent pH values were prepared
by mixing stock solutions of 0.1 M HAc and NaAc. The 0.1 M
phosphate buﬀer solutions (PBS) with diﬀerent pH values were
prepared by mixing stock solutions of 0.1 M H3PO4, NaH2PO4,
Na2HPO4, 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. The deionized (DI) water (>18.2
MΩ cm) was puriﬁed with the NANO pure Diamond UV
water system and used in all runs.
Synthesis of α-Fe2O3 and γ-Fe2O3 Nanoﬂowers. αFe2O3 and γ-Fe2O3 were prepared according to a previous
report, with minor modiﬁcation.41 In brief, 0.6 g FeCl3·6H2O,
1.35 g urea, and 3.6 g TBAB were dissolved in 90 mL of EG to
form a red solution in a 250 mL ﬂask under stirring condition.
The as-obtained red solution was heated to 170 °C with
constant stirring. The reaction was stopped until the mixture
became completely green. After cooling to room temperature,
the green precursor was collected by centrifugation and washed
four times with ethanol. The precursor was obtained by drying
at 80 °C under vacuum for 12 h. α-Fe2O3 was gained by heating
the precursor at 450 °C for 3 h in air. γ-Fe2O3 was successfully
prepared when the precursor ﬁrst calcined at 450 °C under Ar
gas protection for 3 h and then calcined at 150 °C in air for 2 h.
Fabrication of Modiﬁed Electrode. Prior to modiﬁcation,
GCE was polished with 1.0, 0.3, and 0.05 μm of alumina power,
respectively, and then successively sonicated with 1:1 HNO3,
alcohol, and ultrapure water. The construction of the α-Fe2O3
modiﬁed GCE was performed as follows: 3 mg as-prepared αFe2O3 was dissolved in 6 mL of alcohol and sonicated for 10
min to form a homogeneous suspension. Then, a 4 μL aliquot
of the suspension was dripped onto the surface of GCE. The
electrode was allowed to dry in air at room temperature. γFe2O3-modiﬁed GCE was prepared in a similar way.
Apparatus. All electrochemical experiments were recorded
using a CHI660D computer-controlled potentiostat (ChenHua
Instruments Co., Shanghai, China). Measurements were carried
out in a conventional three-electrode cell using the modiﬁed or
bare glassy carbon electrode (GCE, 3 mm diameter) as a
working electrode, Ag/AgCl as a reference electrode, and Pt
wire as a counterelectrode. The scanning electron microscopy
(SEM) images were obtained by a ﬁeld-emission scanning
electron microscope (FESEM, Quanta 200 FEG, FEI
Company, U.S.A.), and the transmission electron microscopy
(TEM) images were recorded using a JEM-2010 transmission
electron microscope operated at 200 kV (Quantitative method:
Cliﬀ Lorimer thin ratio section). X-ray diﬀraction (XRD)
patterns were gained with a Philips X’Pert Pro X-ray
diﬀractometer with Cu Kα radiation (1.5418 Å). X-ray
photoelectron spectroscopy (XPS) measurements were operated using a VG ESCALAB MKII spectrometer with an Mg Ka
X-ray source (1253.6 eV, 120W) at a constant analyzer.
Electrochemical Experiments. The electrochemical behavior under optimized conditions was observed with square
wave anodic stripping voltammetry (SWASV). Pb(II), Cu(II),
and Hg(II) were deposited at the potential of −1.0 V for 150 s
in 0.1 M HAc−NaAc solution (pH 6.0). The anodic stripping
(reoxidation of metal to metal ions) of the electrodeposited
metal was performed in the potential range of −1.0 V to −0.2 V
at the following optimized parameters: frequency, 15 Hz;
amplitude, 25 mV; increment potential, 4 mV; versus Ag/AgCl.
After each measurement, the modiﬁed electrodes were
regenerated by immersing into another fresh HAc−NaAc (0.1

comparison will reveal the fact that the diﬀerent electroanalytical performances have a close relationship with the
crystal phases and will provide the insights into the eﬀect of
diﬀerent crystal phases in electroanalysis.
The electrochemical behavior was closely bound to the
adsorption ability where the increasing of adsorption ability of
modiﬁed material will lead to a higher signal of electrochemical
detection.9,31,32 In a proposed adsorb−release model using
nonconductive metal oxide as a sensing material, large amounts
of target metal ions (Pb(II)) can be adsorbed onto the surfaces
of the nanomaterials (nonconductive materials) and then
diﬀuse to the bare electrode surface due to the concentration
diﬀusion.33,34 Pb(II) will be reduced on the surface of the
electrode when the potential is held at deposition region. In this
way, Pb(II) is accumulated and then stripped out. The more
Pb(II) is adsorbed on the surface of nanomaterial, the more it
will be released, thus, strengthening the stripping peak
response. This demonstrates that it is possible to have good
electrochemical performance by adsorbing heavy metal ions to
move from aqueous solution onto surface of the electrode. To
conﬁrm this result further based on previous research, an
extended X-ray absorption ﬁne structure technique was applied
to characterize the diﬀerence of local structural environment of
the adsorbed Pb(II) on the surface of α- and γ-Fe2O3. We try to
demonstrate the phase-dependent electrochemical behavior of
Fe2O3 nanoparticle toward HMIs by combining the adsorption
measurements of EXAFS. The EXAFS spectroscopy is an atom
selective and nondestructive technique which is well suited to
study metal ion sorption in samples. By using ﬂuorescence-yield
detection, EXAFS spectra can collect the direct structural and
compositional information on metal−oxygen bond lengths,
coordination numbers, and chemical identities of neighboring
ions on Pb(II) complexes formed on iron surfaces.35−39 Murray
has proposed that some materials as modiﬁers, including
grapheme and CNTs, which oﬀer the modiﬁed electrode
“special” properties, are based on “empiricism”, but without
scientiﬁc understanding.40 Combined EXAFS and surface
functional groups analysis will provide a new insight into the
eﬀect of crystal phases on electrochemistry.
In this work, a contribution to understanding the intrinsic
impact of diﬀerent crystal phases of nanocrystals on their
electrochemical stripping behaviors toward heavy metal ions
has been attempted. Iron oxide with diﬀerent crystal phases (αand γ-Fe2O3) was successfully prepared and applied as sensing
material for the analysis of Pb(II) with square wave anodic
stripping voltammetry (SWASV). The role of crystal phase in
electroanalysis of Pb(II) was highly concerned. What is more,
the reasonable mechanism about the diﬀerence performance
between α- and γ-Fe2O3 was proposed based on the crystal
structure, with the suﬃcient evidence shown by XPS and
EXAFS for the ﬁrst time. The results showed that Pb(II)
adsorbed on the surface of diﬀerent crystal phases (α- and γFe2O3) have various sites and interaction resulting in diﬀerent
performance. Besides, Cu(II) and Hg(II) were tested to further
demonstrate the eﬀect of diﬀerent crystal phases. The
interference study and the detection of real sample toward
Pb(II) were also performed.

■

EXPERIMENTAL SECTION
Chemical Reagents. Ferric chloride (FeCl3·6H2O), urea,
tetrabutylammonium bromide (TBAB), and ethylene glycol
(EG) were purchased from Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China. All reagents used in this study were
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M, pH 6.0) solution under stirring at 1.0 V for 150 s. All the
experiments were performed at room temperature under an air
atmosphere.
Adsorption Experiments. In order to be consistent with
electrochemical sensing conditions, all the adsorption measurements were performed in 0.1 M HAc−NaAc (pH 6.0 ± 0.2).
To start the experiment, 10 mg of the individual sorbent was
introduced into 10 mL of aqueous solution containing heavy
metal ions (1 μM) using a 15 mL centrifuge tube, and then the
solutions were shaken at 298 K for 24 h to ensure the sorption
process reaches equilibrium. The solid and liquid phases were
separated by centrifugation at 5000 rpm for 3 min, and the solid
was dried at 60 °C with vacuum for further XPS and XAFS
analysis.
EXAFS Measurement and Data Analysis. The Pb LIIIedge EXAFS spectroscopy was recorded in the ﬂuorescence
mode at BL14W1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF) using a 32-element array of Ge
detectors. The acquired extended X-ray absorption ﬁne
structure (EXAFS) data were processed according to the
standard procedures using the ATHENA module implemented
in the IFEFFIT software packages. The EXAFS χ(k) spectra
were obtained by subtracting the post edge background from
the overall absorption and then normalized with respect to the
edge-jump step. Subsequently, k3-weighted χ(k) data in the kspace ranging from 3.29 to 9.73 Å−1 were Fourier transformed
to radial structure functions (RSF) using a hanning windows
(dk = 0.5 Å−1) to separate the EXAFS contributions from
diﬀerent coordination shells. The amplitude reduction factor
(S02) for Pb ﬁts was ﬁxed at 1.0.

Figure 1. SEM, TEM, and HRTEM images of (a, c, e, f) α-Fe2O3 and
(b, d, g, h) γ-Fe2O3 nanoﬂowers.

The interface properties of these electrodes are future
characterized by electrochemical impedance spectra (EIS),
which is an eﬀective method to understand the electron transfer
resistance changes of the electrode surface after being modiﬁed
(Figure S2b, Supporting Information). As shown, the electron
transfer resistance Ret of bare, γ-Fe2O3, and α-Fe2O3 modiﬁed
GCE are 46, 225, and 312 Ω, respectively. The surface
coverages of γ-Fe2O3 and α-Fe2O3 modiﬁed GCE are derived
mod.
bare
from the equation42,43 θ = 1 − ((Rbare
et )/(Ret )), where Ret
mod.
denotes electron transfer resistance of the bare GCE, and Ret
denotes the corresponding resistance of the passivated
electrode modiﬁed by Fe2O3. So, the surface coverages of γFe2O3 and α-Fe2O3 modiﬁed GCE are 79.6 and 85.2%. The
increased electron transfer resistances further demonstrates the
poor conductivities of α-Fe2O3 and γ-Fe2O3. Furthermore, αFe2O3 modiﬁed electrode is found to exhibit the lowest
conductivity. The result is well consistent with the above CV
data. In addition, in order to obtain the reasonable results, the
electrochemical active electrode surface of bare, γ-Fe2O3, and αFe2O3 modiﬁed GCE are calculated to be 0.076, 0.070, and
0.066 cm2 (by the Randles-Sevcik equation, ip = 2.69 ×
105n3/2ACD1/2v1/2), respectively (Figure S3, Supporting Information).
Electrochemical Detection of Pb(II). Bare, α-Fe2O3 and
γ-Fe2O3 modiﬁed GCE are successfully applied to the
electroanalysis of Pb(II) with the square wave stripping
voltammetry (SWASV). Experimental conditions, such as
supporting electrolytes, pH values, deposition potential,
deposition time, and volume of modiﬁer, are ﬁrst optimized
and showed in Figures S4 and S5 (Supporting Information).
Figure 2a shows the typical SWASV responses of Pb(II) at bare,
α-Fe2O3 and γ-Fe2O3 modiﬁed GCE in 0.1 M HAc-NaAc
solution (pH 6.0). Surprisingly, γ-Fe2O3 nanoﬂowers were
found to be very highly sensitive to Pb(II), even though at very
low concentration as compared to α-Fe2O3. Again, a double

■

RESULTS AND DISCUSSION
Morphologic and Structure Characterization of αFe2O3 and γ-Fe2O3 Nanoﬂowers. The representative SEM
images of α-Fe2O3 and γ-Fe2O3 are presented in Figure 1a and
b, respectively. It is very obvious that the products are a
ﬂowerlike structure about several micrometers in size. More
detailed structure information on α-Fe2O3 and γ-Fe2O3 is
provided by TEM (Figure 1c,d). It can be seen that the αFe2O3 and γ-Fe2O3 are composed of thin nanosheets. Figure
1e,g presents a typical HRTEM image of the as-obtained αFe2O3 and γ-Fe2O3 at low magniﬁcation, which suggests that
the thin nanosheets are mainly made up of irregular-shaped
nanoparticles. There are some pale areas between the dark
nanoparticles, which indicate the existence of porous
nanostructure on the nanosheets. The adjacent lattice fringe
spacing of about 0.251 nm (Figure 1f) and 0.295 nm (Figure
1h) corresponds to (110) and (220) planes of α-Fe2O3 and γFe2O3 nanoﬂower, respectively.41 The typical X-ray diﬀraction
(XRD) patterns shown in Figure S1 (see Supporting
Information, SI) further indicated the phase purity and
crystallinity of the as-prepared α-Fe2O3 and γ-Fe2O3, where
all the diﬀraction peaks can be perfectly indexed, match well
with that of α-Fe2O3 (Hematite, No. JCPDS 80−2377) and γFe2O3 (Maghemite, No. JCPDS 39−1346), respectively.
Electrochemical Characterization of α-Fe2O3 and γFe2O3. The typical cyclic voltammetry (CV) of bare, α-Fe2O3,
and γ-Fe2O3 modiﬁed GCE are characterized in 5 mM
K3Fe(CN)6 containing 0.1 M KCl and the scanning rate is
0.1 V s−1 (Figure S2a, Supporting Information). As compared
with the bare GCE, the anodic and cathodic peak currents are
decreased at both α-Fe2O3 and γ-Fe2O3 modiﬁed electrodes,
which indicates the poor conductivity of α-Fe2O3 and γ-Fe2O3.
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coeﬃcient of 0.983 at α-Fe2O3 modiﬁed electrode (in order to
accurately express the intrinsic diﬀerence; in particular, current
density is used to eliminate the surface factor). The limit of
detection (LOD, 3σ method, the 3σ LOD is calculated from
3SD/S, where SD is the standard deviation of the measurements and S is the slope of the calibration graph) is calculated
to be 0.090 μM. The sensitivity toward Pb(II) in the range of
0.1 to 1.0 nM at γ-Fe2O3 modiﬁed electrode is 197.82 ± 0.05
μA nM−1 cm−2 with the LOD of 0.092 nM (inset of Figure 2c).
Unbelievably, the sensitivity of γ-Fe2O3 modiﬁed electrode is
about three orders of magnitude higher than that of α-Fe2O3
modiﬁed electrode, suggesting a very highly sensitive electroanalytical performance toward Pb(II). In contrast to γ-Fe2O3,
the response at α-Fe2O3 modiﬁed electrode can be reasonably
ignored. As we know, the sensitivity (197.82 ± 0.05 μA nM−1
cm−2) obtained for Pb(II) detection in this work is the highest
in contrast to previous work (Table S1 in Supporting
Information). This interesting diﬀerence can be likely understood by considering their crystal structures and will be
discussed below. As shown in Figure 2, the stability of the
modiﬁed electrode is checked by performing ﬁve repetitive
measurements using ﬁve separate electrodes under the same
conditions. Good stability is obviously seen judging from the
error bars (with a relative error of lower than 15%).
Subsequently, the electrochemical behaviors of α-Fe2O3 and
γ-Fe2O3 in analysis of Cu(II) and Hg(II) are explored and
compared under the same experimental conditions to further
evaluate the eﬀect of crystal phase. The SWASV responses of αFe2O3 and γ-Fe2O3 modiﬁed electrodes and the corresponding
calibration plots toward Hg(II) and Cu(II) are provided in
Figure 3. A comparison of sensitivities toward Pb(II), Hg(II),
and Cu(II) at bare, α-Fe2O3 and γ-Fe2O3 modiﬁed GCE
obtained from Figure 3 is displayed in Figure S6 (Supporting

Figure 2. (a) Typical SWASV responses of Pb(II) on bare, α-Fe2O3
and γ-Fe2O3 modiﬁed GCE (glassy carbon electrode). (b, c) SWASV
responses of Pb(II) and the corresponding calibration plots on αFe2O3 and γ-Fe2O3 modiﬁed electrodes at diﬀerent concentrations in
0.1 M HAc-NaAc solution (pH 6.0). The dotted lines are the
baselines. Error bars correspond to standard errors measured from ﬁve
independent measurements.

stripping peak for electroanalysis of Pb(II) is clearly seen at
bare and γ-Fe2O3 modiﬁed GCE, where one peak appears at
around −0.57 V and the other is around −0.47 V. This may be
attributed to the diﬀerence among the morphologies of
deposited lead on the electrode surface in various concentration
regimes.44−46 While only one single stripping peak for Pb(II)
detection at α-Fe2O3 modiﬁed electrode is observed at around
−0.57 V corresponding to Pb(0) → Pb(II).
These results suggest that the nature of Pb deposit on the
surface of α-Fe2O3 is diﬀerent from that on the surface of γFe2O3. Figure 2b,c shows the SWASV responses of α-Fe2O3
and γ-Fe2O3 modiﬁed electrodes toward diﬀerent concentrations of Pb(II) in HAc-NaAc (pH 6.0). As shown in Figure
2b, Pb(II) in the range of 0.1 to 1.0 μM is detected with a
sensitivity of 137.23 ± 0.04 μA μM−1 cm−2 and the correlation

Figure 3. Typical SWASV responses of (a, c) α-Fe2O3 and (b, d) γFe2O3 modiﬁed electrodes toward Hg(II) and Cu(II). Inset in panels
a, b, c, and d are corresponding linear calibrations of peak current vs
Hg(II) and Cu(II) concentration, respectively. The dotted lines are
the baselines. Error bars are the standard deviation for ﬁve consecutive
measurements.
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Figure 4. Interference studies of typical SWASV responses of 1.0 μM and 0.8 nM Pb(II) on α-Fe2O3 and γ-Fe2O3 modiﬁed electrodes in HAc-NaAc
(pH 6.0) at diﬀerent concentrations of (a, b) Cd(II), (c, d) Cu(II), (e, f) Zn(II), and (g, h) Hg(II), respectively. Dotted lines represent the SWASV
responses in the absence of Cd(II), Cu(II), Zn(II) and Hg(II), respectively.

Information). The sensitivity toward Hg(II) at γ-Fe2O3
modiﬁed electrode is 133.2 μA μM−1 cm−2, which is about 3
times than that of α-Fe2O3 modiﬁed electrode. Similarity, the
sensitivity of γ-Fe2O3 modiﬁed electrode (60.0 μA μM−1 cm−2)
is higher than that of α-Fe2O3 modiﬁed electrode (25.6 μA
μM−1 cm−2) toward Cu(II). The results further conﬁrm that
the selectivity and sensitivity on γ-Fe2O3 modiﬁed electrode is
superior to that on α-Fe2O3 modiﬁed electrode. From the
comparison, it is believed that γ-Fe2O3 modiﬁed electrode
exhibits a very highly selective to Pb(II), comparable to Hg(II)
and Cu(II).
Interference Measurements. The interference measurements are also performed at α-Fe2O3 and γ-Fe2O3 modiﬁed
electrodes under optimal experimental conditions since
interference common exists in electroanalysis. Figure 4 presents
the SWASV responses toward 1.0 μM and 0.8 nM Pb(II) at αFe2O3 and γ-Fe2O3 modiﬁed electrodes with the respective
addition of various concentration of Cd(II), Cu(II), Zn(II), and
Hg(II) in 0.1 M HAc−NaAc (pH 6.0). The interference results
of Cd(II), Cu(II), Zn(II), and Hg(II) toward Pb(II) collected
from SWASV responses are summarized in Figure S7
(Supporting Information). It is clear that no obvious change
can be observed on α-Fe2O3 and γ-Fe2O3 modiﬁed electrodes
though adding 10 μM Zn(II). This result indicates that no
interference of Zn(II) is caused on the adsorption of Pb(II).47
While the peak current of Pb(II) decreased by 10.5% on αFe2O3 and 65.3% on γ-Fe2O3 modiﬁed electrode in the
presence of 10 μM Cu(II), respectively. It means that a
competitive adsorption behavior of Cu(II) and Pb(II) likely
occurs on the surface of γ-Fe2O3 nanoﬂowers. And the
increased peak current of 10.1% and 96.4% on α-Fe2O3 and
γ-Fe2O3 modiﬁed electrodes in the presence of 10 μM Cd(II)
are observed, which is likely due to the formation of Cd ﬁlm.2
The huge increase of 482% of peak current of Pb(II) on γFe2O3 modiﬁed electrode after adding 10 μM Hg(II) is seen
due to the formation of Hg ﬁlm. Under the same experimental
conditions, an unusual stripping voltammetry in which current
increased by only 1.72% is found; reproducible data were
obtained even though we tried several times.

Natural organic matter (NOM) common exists in ecosystem
and most often in the surface and groundwater. Furthermore,
NOM may have a strong eﬀect on the electrochemical signal
because such atoms may block the adsorption sites.48 The
interference of humic acid (HA), one typical NOM, is
investigated in our work. Figure S8 (Supporting Information)
presents the SWASV responses of α-Fe2O3 and γ-Fe2O3
modiﬁed electrodes for electroanalysis of Pb(II) over the
concentration range of 0.5−1.5 μM and 0.3−1.5 nM in the
presence of 200 ppm of HA in HAc−NaAc (pH 6.0),
respectively. A sensitivity of 63.0 μA μM−1 cm−2 is obtained
with a correlation coeﬃcient of 0.998 on α-Fe2O3 modiﬁed
electrode (inset in Figure S8a, Supporting Information), which
is half of that without HA presence. As shown in Figure S8b
(Supporting Information), the peak current densities increase
in a linear manner versus Pb(II) concentrations with the
sensitivity of 52.9 μA nM−1 cm−2 on γ-Fe2O3 modiﬁed
electrode, which is just one-ﬁfth of that without HA presence.
The decrease in stripping responses is due to the lower
absorption capacity resulting from the formation of the
disordered structure of the humic acid layer on the surface of
electrode and the occupancy of sorption sites.49 The
interference studies show that the decrease of sensitivity on
γ-Fe2O3 modiﬁed electrode was higher than that on the αFe2O3 modiﬁed electrode. This result is possibly due to that the
modiﬁed electrode could be directly covered with 200 ppm of
HA resulting in the decrease of the adsorption of nanomole
Pb(II), which will reduce the sensitivity. However, the exact
mechanism of HA interference cannot be clearly understood
currently.
Reasonable Mechanism Based on the XPS and EXAFS.
As shown in Figure 5a, α-Fe2O3 exhibits a rhombohedrally
centered hexagonal structure of the corundum type with a
close-packed oxygen lattice and crystallized in the R3̅ch(167)
space group. In α-Fe2O3, Fe(III) ions occupy two-thirds of the
octahedral sites. 50,51 Figure 5b presents the graphical
representation of the fundamental crystal of γ-Fe2O3. γ-Fe2O3
has a cubic crystal structure of an inverse spinel type with the
Fd3m space group, in which the oxygen anions have a cubic
close-packed array and Fe(III) ions distribute over the
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Figure 5. Graphical representations of the fundamental crystal of (a)
α-Fe2O3 and (b) γ-Fe2O3. The crystal structures of α-Fe2O3 and γFe2O3 are built by Diamond 3.1d based on the cif ﬁles of α-Fe2O3 and
γ-Fe2O3, respectively.

tetrahedral sites (FeA site) and the octahedral sites (FeB
site).50,51 γ-Fe2O3 is a typical ferromagnetic material due to
the spinel structure with two magnetic sublattices, which
exhibits superparamagnetic relaxation.50 The crystal structure of
γ-Fe2O3 features vacant cation sites, which usually occur in
octahedral positions50 (see Figure 5b) and is recognized as one
of the crystal defects. It is worth noting that most of these
vacant cation sites are exposed on the surface of γ-Fe2O3
nanoﬂower, and can act as highly adsorption sites. In addition,
the surface of iron oxides is generally covered with hydroxyl
groups in aqueous phases.52 These surface hydroxyl groups on
the iron oxides may exchange with HMIs to form surface
complexes.53
A high-resolution O 1s XPS spectrum of α-Fe2O3 and γFe2O3 (Figure 6a) can be divided into peaks located at 530.0
and 531.5 eV, which can be attributed to oxygen in the lattice,
that is, oxygen atoms that were bound to only iron atoms (Fe−
O), and oxygen atoms on the surface, that is, oxygen atoms in
surface hydroxyl groups (O−H), respectively. The peak
intensity of O−H species of γ-Fe2O3 was signiﬁcantly higher
than that of α-Fe2O3, conﬁrming that there were many hydroxyl
groups on the surface of γ-Fe2O3, which can lead to higher
adsorption of Pb(II).54 Figure 6b shows the typical XPS spectra
of Pb(II) adsorbed on α-Fe2O3 and γ-Fe2O3 at pH 6.0 in 0.1 M
NaAc−HAc, respectively. The intensity of the peak at 143.3 eV
(Pb 4f5/2) and 138.4 eV (Pb 4f7/2) corresponding to Pb 4f
bands is the stronger when adsorbed on γ-Fe2O3, which
indicates that the amount of adsorbed Pb(II) is the more on γFe2O3 surface, further improving the stripping behaviors. As
shown in the inset of Figure 6b, the atomic ratio of Pb to Fe
further demonstrate the higher adsorption capacity of γ-Fe2O3.
The XPS wide scan spectra of α-Fe2O3 and γ-Fe2O3 after
adsorption of mixing ions (Pb(II), Cd(II), Cu(II), Hg(II),
Zn(II)) and the atomic ratio of Pb, Cd, Cu, Hg, Zn to Fe are
shown in Figure S9 and Table S2. The adsorption of Pb(II) on
both α-Fe2O3 and γ-Fe2O3 is higher than other ions and the
adsorption of Pb(II) on γ-Fe2O3 is more than on α-Fe2O3,
which is consistent with the result when adsorbed Pb(II) alone.
The presence of water in contact with the Fe2O3 surfaces has
important implications for the atomic-scale structure of the
surfaces which generally covered with hydroxyl groups in
aqueous phases.52 The energy and features of the main
absorption edge are consistent with Pb(II) ions (Figure
S10).36,38,55 Background-subtracted k3-weighted χ(k) functions
and radial structure functions (RSFs) for the sorption of Pb(II)

Figure 6. (a) XPS spectra of O 1s of α-Fe2O3 and γ-Fe2O3; (b) XPS
spectra of Pb 4f on α-Fe2O3 and γ-Fe2O3.

on α-Fe2O3 and γ-Fe2O3 are presented in Figure 7a and b,
respectively. EXAFS ﬁt results are summarized in Table 1.
Average ﬁrst-shell Pb−O bond lengths obtained from our
EXAFS analyses can be used to constrain the possible
coordination environment of adsorbed Pb in our samples, as
these values are contingent upon the number of bonding
ligand.38,55,56 The EXAFS spectrum is substantially diﬀerent
between the Pb(II) on α-Fe2O3 and γ-Fe2O3. The α-Fe2O3
EXAFS oscillations contain three strong frequencies, whereas
the γ-Fe2O3 spectra are dominated by two frequencies. The
Pb(II) on α-Fe2O3 FT has large and small peaks at
approximately 1.7 and 2.4 Å (uncorrected for phase shift),
corresponding to backscattering from oxygens, and a third peak
at approximately 2.8 Å (uncorrected for phase shift),
corresponding to the backscattering from iron in the EXAFS.
In contrast, the Pb(II) on γ-Fe2O3 FTs have only two welldeﬁned peaks (corresponding to oxygen and iron backscattering), which is at an approximately same distance and
has substantially less amplitude than the Pb−O peak on αFe2O3 FT. Analysis of the Pb(II) spectrum indicates that the
ﬁrst-shell oxygens in the α-Fe2O3 spectra are at RPb−O = 2.25 Å
with 2.4 O atoms, as well as the γ-Fe2O3 spectra with 2.2 O
atoms at RPb−O = 2.28 Å, which is typical of Pb−O distances
(Pb−OH) for Pb(II) adsorbed in an inner-sphere on Fe
oxides.36 The second-shell oxygens of Pb(II) on α-Fe2O3
spectrum are at a distance of 2.54 Å with 0.3 O atoms, and
this distance is consistent with Pb−H2O bond lengths observed
for Pb2+(aq).35 As reported, Pb(II) are mostly adsorbed on the
iron oxides by surface hydroxyl groups to form surface
complexes.53 That is to say that Pb(II) on α-Fe2O3 is Pb−
OH and Pb−H2O, while only Pb−OH on γ-Fe2O3. This
diﬀerence is the result of the diversity of crystal structure
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Hefei City, Anhui, China, is performed. The real sample was
diluted with 0.1 M NaAc−HAc buﬀer solution (pH 6.0) in a
ratio of 1:1, and no further treatment was done. Standard
additions of Pb(II) were performed in the diluted sample.
Additions of Pb(II) spiked the diluted samples, and the
recovery was further studied by standard additions of Pb(II)
into the real samples to demonstrate the practicality of α-Fe2O3
and γ-Fe2O3 (Table S3). The recovery was calculated to be 90−
110%, which indicated that the modiﬁed electrode has a good
practical application potential. The results indicate that γ-Fe2O3
have more potential than α-Fe2O3 for practical application.

■

CONCLUSIONS
In summary, the Fe2O3 nanoﬂowers with diﬀerent crystal
phases presenting an interesting diﬀerence in electrochemical
stripping behaviors toward Pb(II) have been revealed. A
sensitivity of 197.82 μA cm−2 nM−1 on γ-Fe2O3 modiﬁed
electrode, which is about 3 orders of magnitude higher than
that of α-Fe2O3 modiﬁed electrode, is achieved. An important
evidence of XPS and EXAFS were used to verify the diﬀerence
in local structural environment of the adsorbed Pb(II) on the
surface of α- and γ-Fe2O3. XPS results show that the surface of
γ-Fe2O3 is covered with more hydroxyl groups. These surface
hydroxyl groups on the iron oxides can exchange with Pb(II) to
form surface complexes resulting in the higher adsorption
capacity of Pb(II) than α-Fe2O3. Furthermore, EXAFS clearly
indicated that α- and γ-Fe2O3 have diverse interaction between
Pb(II) and iron (hydr)oxides. Pb(II) ions adsorbed on the
surface of α-Fe2O3 are bonded as Pb−OH and Pb−H2O, while
only Pb−OH on γ-Fe2O3. This study oﬀers a clear understanding on more sensitive electroanalysis using micromaterials
modiﬁed electrode as compared to the present state-of-the-art
electrochemical methods for detection of heavy metal ions. It is
anticipated that it will be possible to designing a high eﬃcient
sensing interface to determine other heavy metal ions (not only
Pb(II)) by choosing diﬀerent crystal structures.

Figure 7. (a) Normalized, k3-weighted Pb LIII-XAFS spectra of the
Pb(II)/α-Fe2O3 and γ-Fe2O3; (b) Fourier transforms (FTs) of EXAFS
data with ﬁts to spectra uncorrected for phase shift.

between α-Fe2O3 and γ-Fe2O3 essentially which further aﬀects
the number of surface O atoms.50 Comparing the RPb−O1st on αFe2O3 and γ-Fe2O3 will ﬁnd that Pb(II) on γ-Fe2O3 have a
longer distance leading to a smaller energy of desorption and
more easy to desorb to the surface of electrode.57 The surface
complexes (desorption on α-Fe2O3 is diﬃcult due to the strong
interaction of chemical adsorption compared with γ-Fe2O3) on
α-Fe2O3 nanoparticle will occupy the absorption sites and,
further, has a negative eﬀect on electrochemical signal. The
formation of complexes on α-Fe2O3 nanoﬂower also indicates
that the amount of analytes in supporting electrolytes is
reduced, which has a negative inﬂuence on the stripping
responses. This observation will further explain why the γFe2O3 has higher electrochemistry response than α-Fe2O3. In
conclusion, more hydroxyl groups supplied by XPS above and
smaller energy of desorption proved by EXAFS on γ-Fe2O3
result in 3 orders of magnitude higher than α-Fe2O3 in
electrochemistry response.
Real Sample Analysis. For the evaluation of the practical
application of the modiﬁed electrode, a study on a real sample
about Pb(II), which is taken from the Dongpu Reservior in
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Table 1. Results of EXAFS Analysesa
Pb−Ofirst

Pb−Osecond

Pb−Fe

sample

CN

R (Å)

σ2 (Å2)

CN

R (Å)

σ2 (Å2)

CN

R (Å)

σ2 (Å2)

ΔE0 (eV)

α-Fe2O3
γ-Fe2O3

2.4
2.2

2.25
2.28

0.004
0.007

0.3

2.54

0.006

0.4
0.6

3.31
3.25

0.005
0.008

−10.51
5.89

CN = coordination number; R = interatomic distance, σ2 = Debye-Wailer factor; and ΔE0 = phase shift. The accuracy of the ﬁt parameters in the
ﬁrst shell were N ± 15% and RPb−O ± 0.03 Å and in the second shell N ± 19% and RPb−Fe ± 0.04 Å.
a
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