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ABSTRACT: A facile unipolar pulse electropolymerization
(UPEP) technique is successfully applied for the preparation
of ion-imprinted composite film composed of ferricyanide-
embedded conductive polypyrrole (FCN/PPy) for the selective
electrochemical removal of heavy metal ions from wastewater.
The imprinted heavy metal ions are found to be easily removed
in situ from the growing film only by tactfully applying potential
oscillation due to the unstable coordination of FCN to the
imprinted ions. The obtained Ni2+ ion-imprinted FCN/PPy
composite film shows fast uptake/release ability for the removal
of Ni2+ ions from aqueous solution, and the adsorption
equilibrium time is less than 50 s. The ion exchange capacity
reaches 1.298 mmol g−1 and retains 93.5% of its initial value even
after 1000 uptake/release cycles. Separation factors of 6.3, 5.6, and 6.2 for Ni2+/Ca2+, Ni2+/K+, and Ni2+/Na+, respectively, are
obtained. These characteristics are attributed to the high identification capability of the ion-imprinted composite film for the
target ions and the dual driving forces resulting from both PPy and FCN during the redox process. It is expected that the present
method can be used for simple preparation of other ion-imprinted composite films for the separation and recovery of target
heavy metal ions as well.
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1. INTRODUCTION

Toxic heavy metal ion pollution has become a serious
worldwide problem that endangers the environment and health
of human beings.1 Therefore, the efficient separation and
recovery of industrial heavy metal ions from wastewater are of
significant interest both from an environmental perspective and
a resource perspective.2 To date, various kinds of physical and
chemical methods such as adsorption,3,4 ion exchange,5

chemical precipitation,6 membrane separation,7 and coagula-
tion−flocculation8 have been employed for this purpose.
Among these methods, ion exchange and adsorption are
considered the most practical method due to their simplicity,
low cost, and reutilization.5,9 However, the regeneration of ion
exchangers and adsorbents always generates secondary waste
from the chemical regenerates and the rinse water.
As an environmentally benign ion separation and recovery

method, electrochemically switched ion exchange (ESIX) has
attracted great attention in recent years.10−15 In this method,
the uptake and release of the target ions can be realized by
modulating the redox states of the ESIX film, and the film can
be repeatedly used. Thus, no secondary waste will be produced
in this process.10 In addition, ESIX can be applied to efficiently
separate and recover target ions at very low concentration in
the solution.11 Inorganic metal hexacyanoferrate (MHCF) and
organic conductive polymers (CPs) such as pyrrole (PPy),

polyaniline (PANI), and their derivatives are generally used as
the ESIX materials. Among them, NiHCF and CuHCF films
have been successfully formed on conductive substrates for the
separation and removal of 137Cs from radioactive liquid
wastes.11,12 Polypyrrole or polyaniline has been tailored as
anion or cation exchangers by entrapping or doping of different
counterions for the removal of F−,13 ClO4

−,10,14 and Ca2+ 15

from aqueous solutions. Nevertheless, this method was seldom
applied for the selective separation of toxic heavy metal ions.
Although some ESIX materials were developed for the removal
of heavy metal ions from wastewater, the adsorbed heavy metal
ions were difficult to be released from the materials by
regulating the potential due to the strong intrinsic affinity of the
chelating functional groups for the heavy metal ions.16

According to the hard-soft-acids-bases (HSAB) theory,17,18

the complexation ability of ferricyanide (FCN) in its oxidation
state ([Fe(CN)6]

3−) to some heavy metal ions, such as Ni2+,
Co2+, and Zn2+, is weaker than that of FCN in its reduction
state ([Fe(CN)6]

4−). Thus, if FCN serves as a counterion and
is anchored to the PPy to fabricate a FCN/PPy composite film,
the relatively strong complexation between [Fe(CN)6]

4− and
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target ions will benefit the ion intercalation into the FCN/PPy
film during the reduction process. Conversely, the adsorbed ion
will be easily released due to the relative weak complexation of
[Fe(CN)6]

3− to the target ions during the oxidation process.
However, the anchored FCN in the FCN/PPy composite film
was partially freed or flushed out of the film during the
reduction process when the film was synthesized by using the
traditional method.19 Therefore, development of novel syn-
thesis methods for such composite ESIX films is required.
The molecular or ion imprinting technique (MIT or IIT) is

becoming a common and useful method for the selective
recognition and separation of target molecules or ions from
aqueous solutions.20−22 The high adsorption capacity and
excellent selectivity of ion-imprinted polymer (IIP) for the
target ions can be achieved through the memory effect toward
the target ions, which could be influenced by the interaction of
the target ions with a specific ligand, coordination geometry,
metal ion coordination number, charge, and size of the IIPs.23,24

Recently, it was found that conducting IIP films can be formed
on the electrode surface directly by in situ electropolymeriza-
tion.25 Therefore, it is possible to combine the IIP with ESIX
material to create a novel hybrid film for highly selective
removal of heavy metal ions from aqueous waste. In
conventional IIP film preparations, the template ions have to
be removed from the film subsequently by extensive washing
steps after the electropolymerization due to the strong
interaction between the template ions and the functional
monomers.23 In the present study, one of our main objectives is
to find a way to eliminate the cumbersome washing steps
during the fabrication of the ion-imprinted composite ESIX film
using a facile strategy.
Nickel is a typical toxic heavy metal because inhalation of

nickel and its compounds can lead to serious problems
including nasopharynx and dermatological diseases and
malignant tumors.22,23 In this study, Ni2+ ions were selected
as the target heavy metal ions. To fabricate Ni2+ ion-imprinted
composite ESIX films, Ni2+, FCN, and PPy were used as
template, complexing monomer, and conductive cross-linking
agent, respectively. One-step unipolar pulse electropolymeriza-
tion (UPEP) was applied to fabricate the objective Ni2+ ion-
imprinted FCN-embedded PPy (Ni2+-FCN/PPy) film. It was
expected that a stronger binding between the embedded FCN

and the PPy backbone could be generated and that the
deintercalation of FCN from the growing PPy film could be
restrained through the orientation of PPy main chains during
the off-time period of the pulse cycle.26−28 During the UPEP
process, it is possible to maintain FCN in the oxidation state
([Fe(CN)6]

3−) if a high potential (over 0.6 V) is applied on the
working electrode.29 Thus, due to the relatively weak
complexation of [Fe(CN)6]

3− to Ni2+ based on the HSAB
theory,17 the imprinted Ni2+ ions can be easily removed in situ
from the growing film by tactfully applying potential oscillation
in the UPEP process. As a result, the extensive washing steps
for the target ion in the conventional synthetic process could be
eliminated. On the basis of this strategy, the objective Ni2+-
FCN/PPy film was prepared and applied for the removal of
Ni2+ ions in simulated wastewater. It is expected that such a
one-step synthetic strategy will be a novel and promising way
for the preparation of new types of ion-imprinted ESIX films
for the selective separation of various toxic heavy metal ions
from aqueous solution without producing any secondary
effluents.

2. EXPERIMENTAL SECTION
2.1. Reagents and Instruments. Pyrrole (Sigma-Aldrich) was

purified by distillation under reduced pressure and stored at low
temperature in the dark under nitrogen atmosphere prior to use. Other
chemicals were reagent grade and used without further purification. All
solutions were prepared using ultrapure water (Millipore 18.2 MΩ
cm).

Electrochemical preparation and characterization of the composite
film were performed using a Potentiostat (Princeton Applied Research,
VMP3, Oak Ridge, TN) controlled with EC-Lab software. A quartz
crystal microbalance (Princeton Applied Research, QCM 922) was
used to measure synchronously the mass change of composite film.
Morphology of the composite film was examined with a scanning
electron microscope (SEM) (LEO 438 VP, Carl Zeiss AG,
Oberkochen, Germany). An energy dispersive X-ray spectroscopy
(EDS) detection system built for the SEM instrument was used to
detect the X-ray emission spectra of the samples. The X-ray
photoelectron spectroscopy (XPS) scans were acquired with a VG
Scientific ESCALab250i-XL unit (UK). Fourier transfer infrared
spectroscopy (FT-IR) was recorded using an IRAffinity-1 workstation
(Shimadzu, Japan).

2.2. Preparation of Ni2+-FCN/PPy Composite Film. Ni2+ ion-
imprinted ferricyanide-embedded polypyrrole (Ni2+-FCN/PPy) com-
posite film was fabricated by using the UPEP method in a freshly

Scheme 1. Strategy for the Preparation of Ni2+-FCN/PPy Composite Film by Using the UPEP Method
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prepared mixed solution containing 5 mmol L−1 pyrrole, 5 mmol L−1

K3Fe(CN)6, 5 mmol L−1 NiCl2, 0.1 mol L−1 KCl, and 0.1 mol L−1

HCl. The UPEP process was performed using a three-electrode system
in conjunction with a VMP3 Potentiostat. A 9 MHz At-cut, polished
Pt-plated quartz crystal with 0.2 cm2 of effective surface, a Pt sheet, and
a saturated calomel electrode (SCE) served as the working electrode,
counter electrode, and reference electrode, respectively. The whole
electrochemical cell was immersed in a bath at a constant temperature
of 10.0 °C. The pulse potential was set at 0.8 V with 10 ms on-time
(ton) and 100 ms off-time (toff) during 20 000 cycles. The PPy without
FCN embedding film and non-ion-imprinted FCN/PPy film were also
fabricated using the same procedure in the solutions of 5 mmol L−1

pyrrole + 0.1 mol L−1 KCl + 0.1 mol L−1 HCl and 5 mmol L−1 pyrrole
+ 5 mmol L−1 K3Fe(CN)6 + 0.1 mol L−1 KCl+0.1 mol L−1 HCl,
respectively. The composite films were fabricated on a Pt sheet (1.0
cm × 1.0 cm) in the same solution for the characterization of their
morphologies and structures.
2.3. Characterization of Ni2+-FCN/PPy Composite Film. After

electropolymerization, the resulting film was washed with deionized
water and then immersed in 0.1 M Ni(NO3)2 solution. Electro-
chemical characterization of the Ni2+-FCN/PPy composite film was
also performed using the three-electrode system. The ion exchange
behavior of the film was investigated with cyclic voltammetry from
−0.9 to 0.6 V at 25 mV s−1 under quiescent conditions. The
electrochemical stability of the composite film was examined by
alternately switching potential between reduction state (−0.2 V) and
oxidation state (0.8 V) during 1000 cycles. Each stage of applied
potential lasted for 50 s. The ion selectivity of Ni2+-FCN/PPy
composite film was tested in 0.1 mol L−1 Ni(NO3)2 solution, 0.1 mol
L−1 Ca(NO3)2 solution, and a 0.1 mol L−1 solution mixture of
Ni(NO3)2 and Ca(NO3)2 with a cation molar ratio of 1:1, respectively.
Using the same procedure, the experiments on ion selectivity were also
carried out in binary mixture solutions of Ni(NO3)2/KNO3 and
Ni(NO3)2/NaNO3, respectively. To further investigate the relative
selectivity of Ni2+ ion over other heavy metal ions, such as Co2+, Zn2+,
Cd2+, and Pb2+, a simulated wastewater solution was examined
containing 1.5 mmol L−1 each of Ni2+, Co2+, Zn2+, Cd2+, and Pb2+. The
detailed experimental method is shown in Supporting Information.

3. RESULTS AND DISCUSSION

A proposed schematic representation for the fabrication of the
Ni2+ ion-imprinted FCN/PPy (Ni2+-FCN/PPy) composite film
by the UPEP method is illustrated in Scheme 1. The potential
waveform of UPEP consists of a fixed potential during on-time
followed by an open-circuit potential (OCP) decreasing over
time during off-time. Initially, the pyrrole monomers at the
electrode surface will be oxidized and polymerized to form the
PPy film at 0.8 V during the short on-time period. Such a short
pulse on-time period was found to produce fewer defects in the
structure of the resulting PPy chains.27,30 At this step, both
FCN and Cl− in the electrolyte could be doped simultaneously
into the structure of PPy as the counterions. Then, during the
off-time period, the growing PPy chains are terminated by
turning the current off.26 Meanwhile, coordination reactions
between Ni2+ ions in the electrolyte and the FCN embedded in
the PPy occur. During the following on-time period of the
pulse, the fresh pyrrole monomers will be continuously
polymerized to form PPy film. According to the HSAB
theory,17,18 the coordination bonds between Ni2+ ions (served
as borderline acids) and FCN (served as soft bases) should not
be very strong, and thus, with the constant polymerization of
positive pyrrole radicals on the surface of the film, Ni2+ ions
bonded to the FCN could be removed easily from the growing
composite film to the bulk solution under a strong positive
potential such as 0.8 V. As a result, Ni2+ ion-imprinted cavities
will be generated in composite film. As such, due to the

repetitive potential oscillation in the UPEP process, Ni2+ ion-
imprinted ferricyanide-embedded polypyrrole (Ni2+-FCN/PPy)
composite film is expected to be fabricated.

3.1. Electropolymerization of the Ni2+-FCN/PPy
Composite Film. Following the above strategy, Ni2+-FCN/
PPy composite film was fabricated on the Pt-plated quartz
crystal. The mass change occurring on the surface of the
electrode was simultaneously measured by EQCM. As shown in
Figure 1A, the mass change curve of the composite film shows a

fluctuating increasing trend, which indicates that the composite
film is effectively synthesized on the electrode surface.
Furthermore, the periodic decrease of mass reveals that there
is an intermittent release of embedded ions from the composite
film during the electropolymerization process. As shown in
Figure S1A in Supporting Information, the one period of mass
fluctuation corresponds to approximately 16 current pulses
possibly because the release of imprinted ion needs stronger
driving force, i.e., positive charge, from the accumulation of
positive pyrrole radicals at the surface of the film. This
phenomenon indicates that in situ polymerization of the
composite film and in situ removal of the imprinted ions are
taking place simultaneously. The current density/potential-time
transients of the initial 0.32 s and the last 0.37 s during the
UPEP are shown in Figure 1B. Herein, a fixed potential (0.8 V)
was applied to generate current during the on-time period of
the pulse (ton: 10 ms) followed by a relaxation off-time period
(toff: 100 ms) without current being allowed to flow. With the
applied potential during the on-time period, the electro-
polymerization of pyrrole monomers occurs on the substrate
surface to form the PPy film. The generated current should be
attributed to the Faradaic current from the oxidation of pyrrole
monomers.26 Then, during the off-time period, the polymer-
ization reactions of pyrrole monomers are terminated due to
the current being turned off. On the other hand, the
coordination reactions between Ni2+ ions in the electrolyte
and the FCN doped in the PPy film are simultaneously taking

Figure 1. Mass change response (A) and potential/current density−
time transients (B) recorded during the electropolymerization process
for the formation of Ni2+-FCN/PPy composite film.
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place. Herein, a relatively long off-time period is set to improve
the binding force between the PPy backbone and the
embedded FCN through the rearrangement of PPy main
chains with the fullest conjugation.26,27 As shown in Figure
S1B, Supporting Information, which shows the curves of open
circuit potential (OCP) and peak current density versus the
time during the UPEP process, the potential of the working
electrode exceeds 0.6 V throughout the polymerization process.
As such, the FCN should be maintained in the oxidation state
([Fe(CN)6]

3−) and cannot be reduced to [Fe(CN)6]
4−. In

addition, the relatively shorter on-time period of 10 ms and
lower reaction temperature of 10.0 °C are expected to slow
down the electropolymerization rate of PPy main chains, which
helps to restrain the excessive embedding of PPy for Ni2+ ions
and FCN during the on-time period and reduce the defect
density of PPy film.26 Thus, the imprinted ions could be easily
removed in situ from the composite film by tactfully applying
potential oscillation due to the relatively weak coordination
bond between Ni2+ ions and FCN in this case. In addition, the
peak current density has an obvious fluctuation in the initial
100 s, which should be attributed to the two polymerization
stages: in the first stage, the pyrrole monomers are polymerized
to form FCN/PPy composite film on the Pt-plated quartz
crystal, and in the second stage, the polymerization reaction of
pyrrole monomers occurs only on the surface of the grown
FCN/PPy film. The slight decrease of peak current density
after 30 s is mainly due to the relatively higher resistance of the
grown FCN/PPy film compared with that of the naked Pt
substrate.
3.2. EDS Analysis. Elemental compositions of various films

are identified and compared based on the EDS analysis. As
shown in Figure 2, the PPy film is composed of elemental C, N,

and Cl, but in the FCN/PPy and Ni2+-FCN/PPy films,
elemental Fe is also observed. This indicates that both FCN
and Cl ions are embedded into the PPy film. Interestingly, no
Ni peak is found in the spectrum of the as-prepared Ni2+-FCN/
PPy film, indicating that Ni2+ ions have been removed from the
film during the electrodeposition process as expected.
3.3. FT-IR Analysis. FT-IR spectra of the PPy and Ni2+-

FCN/PPy films are shown in Figure 3. Similar absorption peaks
from 1030 to 1540 cm−1, which are the typical characteristic
peaks of PPy, are detected for both films. In the spectra, the
peaks located around 1540 and 1460 cm−1 correspond to the
symmetric and asymmetric pyrrole ring stretching modes,
respectively.31 The peak centered at 1290 cm−1 corresponds to
the in-plane vibration of =C−H.31 The stretching frequency at

1160 cm−1 is attributed to the C−N stretching vibration, and
the absorption peak at 1030 cm−1 is due to N−H bending
vibration.31,32 Herein, an obvious absorption peak at 2080
cm−1, which is assigned to the stretching vibration of the CN
group in the cyanometalate lattice of FCN,33 is found in the
spectrum of the Ni2+-FCN/PPy film, indicating that FCN has
been successfully embedded into the Ni2+-FCN/PPy film.

3.4. SEM Analysis. SEM images of the fabricated PPy and
FCN/PPy films are shown in Figure 4, parts A and B,

respectively. Both films exhibit a typical cauliflower-like
morphology structure. However, for the Ni2+-FCN/PPy film,
as shown in Figure 4, parts C and D, it is obvious that porous
and globular grains are formed. Such structures could provide
more surface area for the uptake and release of ions.

3.5. ESIX Characterization of Ni2+-FCN/PPy Composite
Film. Figure 5, parts A and B, shows typical cyclic
voltammograms (CV) and massograms of the FCN/PPy film
and Ni2+-FCN/PPy composite film in 0.1 M Ni(NO3)2
solution, respectively. As shown in Figure 5A, the mass of
FCN/PPy film changes a little during the redox process.
Although it is reported that the FCN in the FCN/PPy film
could be flushed out from the film during the reduction process
at a potential more negative than −0.4 V (vs SCE) when the
film was prepared by another method,19 a decline in the mass of
FCN/PPy film prepared by the present method is not
observed. It is possible that a stronger binding force between

Figure 2. EDS spectra of PPy film (a), FCN/PPy film (b), and Ni2+-
FCN/PPy composite film (c); the inset is an enlargement of the EDS
spectra.

Figure 3. FT-IR spectra of PPy and Ni2+-FCN/PPy films.

Figure 4. SEM images of PPy (A), FCN/PPy (B), and Ni2+-FCN/PPy
(C, D) films.
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the PPy backbone and FCN could be generated by the
orientation of PPy main chains during the off-time period when
the UPEP method was used for the film preparation.26,27 In
contrast, as shown in Figure 5B, there is a significant mass
change for the Ni2+-FCN/PPy composite film during the redox
process. The mass of Ni2+-FCN/PPy film increases rapidly
when sweeping the potential in the negative direction from 0 to
−0.9 V. It should be attributed to the insertion of Ni2+ ions into
the film according to the charge compensation mechanism.34

On the contrary, when the potential is reversed to the positive
direction, a steep decline in the mass change starts from 0.3 to
0.6 V. This should correspond to the release of Ni2+ ions. The
intercalation and release of the Ni2+ ions occurring at different
potentials should be attributed to the different complexation
abilities of FCN to Ni2+ ions in its oxidation state ([Fe-
(CN)6]

3−) and reduction state ([Fe(CN)6]
4−). As stated above,

according to the HASB theory,17,18 the complexation of
[Fe(CN)6]

4− to Ni2+ is generally stronger than that of
[Fe(CN)6]

3−. Hence, when the composite film is in the
oxidized state, Ni2+ ions are easily excluded from the film.
Herein, compared with the non-ion-imprinted FCN/PPy film,
the Ni2+-FCN/PPy composite film shows much superior ion
exchange property for Ni2+ ions, which is mainly attributed to
the high surface area and a large number of ion-imprinted
cavities in the film.
The effect of Ni2+ ion concentration in the aqueous solution

on the adsorption property of Ni2+-FCN/PPy composite film is
also investigated. The amount of Ni2+ ions adsorbed per unit
mass of film increases with the initial concentration of Ni2+ ion
in the solution at first, and then a saturation adsorption is
reached soon when the initial concentration exceeds 0.02 mol
L−1 (as shown in Figure S2, Supporting Information).
Furthermore, as shown in Figure S3, Supporting Information,
the adsorption capacity of Ni2+-FCN/PPy composite film is
reduced with a decrease in pH of the aqueous solution, which
should be due to Ni2+ ion-imprinted sites of the polymer being

occupied by protons rather than Ni2+ ions themselves in the
acid environment.

3.6. Selectivity of Ni2+-FCN/PPy Composite Film. The
relative selectivity of Ni2+-FCN/PPy composite film is
investigated by competitive adsorption of Ni2+/Ca2+, Ni2+/K+

and Ni2+/Na+ from their binary mixtures. The CVs and mass
change responses measured simultaneously in 0.1 mol L−1

Ni(NO3)2 solution, 0.1 mol L−1 Ca(NO3)2 solution, and 0.1
mol L−1 mixture solution of Ni(NO3)2 and Ca(NO3)2,
respectively, for Ni2+-FCN/PPy composite film are shown
Figure S4, parts A and B, Supporting Information, respectively.
Herein, the reproducible CV and mass change signals are
obtained after the 5th scan in each case. That is, the 6th cycle of
each experiment is chosen as the representative behavior
observed. As shown in Figure S4, parts A and B, Supporting
Information, the Ni2+-FCN/PPy composite film tested in
Ni(NO3)2 solution shows larger peak current density and more
mass change within the same potential range than those in
Ca(NO3)2 solution. This indicates that the Ni2+-FCN/PPy
composite film has much superior electroactivity in the aqueous
solution containing Ni2+ ions. To further quantitatively evaluate
the relative selectivity of Ni2+-FCN/PPy composite film for
various cations, selective experiments are also carried out using
the binary mixture solutions of Ni(NO3)2/KNO3 and Ni-
(NO3)2/NaNO3, respectively, and the separation factors are
calculated (the detailed calculation methods are shown in
Supporting Information). Table 1 summarizes the calculated

apparent molar weights of cations and separation factors of the
composite film, both of which are the average values of the last
five (of ten) redox cycles. Herein, if it is considered that during
the redox cycling, one mole of redox site is converted and
electroneutrality is maintained strictly by the cations present in
the solution, the apparent molar weight (M′) should be equal
to the molecular weight of the target cation. However, as shown
in Table 1, all the values obtained for the apparent molar
weights (M′) are higher than those of the corresponding
cations. A possible explanation for this discrepancy would be
the migration of solvent into or out of the film at the same time
as the cations are taken up or released to balance the generated
charges. Furthermore, all the separation factors for Ni2+/Ca2+,
Ni2+/K+, and Ni2+/Na+ are much larger than 1, indicating that
the binding of Ni2+-FCN/PPy composite film to Ni2+ ions is
much stronger than that to Ca2+, K+, and Na+ ions. Such an
excellent selectivity to Ni2+ ions should result from the polymer
memory effects toward target ion interaction with a specific
ligand, metal ion coordination number, charge, and size. This is
the typical characteristic of ion-imprinted materials. Further-
more, Table S1, Supporting Information, indicates that Ni2+ can
be also selectively absorbed by Ni2+-FCN/PPy composite film
when other heavy metal ions such as Co2+, Zn2+, Cd2+, and Pb2+

coexisted with it in aqueous solution.
3.7. Dynamic Characteristics of Ni2+-FCN/PPy Compo-

site Film. To simulate the repeated uptake/release of Ni2+ ions
from aqueous solution using the Ni2+-FCN/PPy composite

Figure 5. Cyclic voltammograms and massograms of FCN/PPy film
(A) and Ni2+-FCN/PPy composite film (B) in 0.1 mol L−1 Ni(NO3)2
solution at a scan rate of 25 mV s−1.

Table 1. Separation Factors of Ni2+-FCN/PPy Film in 0.1
mol L−1 Binary Mixture Solutions

MNi′ M′ Δmmix·F/Qmix α

Ni2+/Ca2+ 70.7 ± 0.8 43.6 ± 0.5 33.5 ± 0.5 6.3 ± 0.8
Ni2+/K+ 70.7 ± 0.8 39.6 ± 0.6 35.7 ± 0.5 5.6 ± 0.7
Ni2+/Na+ 70.7 ± 0.8 25.3 ± 0.5 34.6 ± 0.6 6.2 ± 0.6
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film, periodically switching of the redox state of the film in 0.1
mol L−1 Ni(NO3)2 solution is performed and the mass change
of the film is recorded during the redox process. Figure 6 shows

the typical ion uptake/release property with alternately
regulating the potential between the reduction state (−0.2 V)
and the oxidation state (0.8 V). As shown in Figure 6, the mass
of Ni2+-FCN/PPy film is increased during the reduction
process and then decreased during the oxidation process. The
observed mass change should be related to the uptake/release
of the cations according to the charge compensation
mechanism. In this study, EDS and XPS analysis is also used
to characterize the composition of Ni2+-FCN/PPy composite
film in the reduction and oxidation states. As shown in Figure
S5, Supporting Information, absorption peaks of Ni obviously
appear when the film is in the reduction state while the peaks
disappear in the oxidation state. The same results were
observed from the XPS spectra of the composite shown in
Figure S6, Supporting Information. This further indicates that
electrochemically controlled intercalation and release of the
Ni2+ ions can be realized via switching the redox states of the
composite film. Herein, it should be noted that the adsorption
equilibrium time of Ni2+ ions on the composite film is less than
50 s. Such a high adsorption rate of Ni2+-FCN/PPy composite
film, compared with other IIPs shown in Table S2, Supporting
Information, is mainly attributed to the following two reasons.
(i) During the ESIX process, electricity is a main driving force
for the uptake/release of ions, besides physical and chemical
adsorptions; (ii) PPy and FCN can provide a dual-driving force
for the uptake/release of Ni2+ ions and exert a synergetic effect
for the ion adsorption. In this study, the equilibrium absorption
capacity of the composite film for Ni2+ ions reaches 1.298
mmol g−1, which is a relatively high value among the Ni2+-
imprinted IIPs shown in Table S2, Supporting Information.
3.8. Cycle Stability of Ni2+-FCN/PPy Composite Film.

To assess the stability of as-prepared Ni2+-FCN/PPy composite
film, the change in the ion exchange capacity is further
investigated by periodically switching redox states of composite
film over a large number of cycles. Figure 7 shows the change in
normalized ion exchange capacity and desorption efficiency as a
function of the cycle number in 0.1 mol L−1 Ni(NO3)2 solution.
The ion exchange capacity of Ni2+-FCN/PPy composite film
retains 93.5% of its initial value even after 1000 cycles, and the
desorption efficiency of Ni2+ ions in each ion exchange process
maintains above 98.5%. These results indicate that the Ni2+-
FCN/PPy composite film can serve as an excellent ESIX

material for the separation and recovery of Ni2+ ions from
aqueous solution.
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