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nd photocatalytic properties of
polyimide/heterostructured NiO–Fe2O3–ZnO
nanocomposite films via an ion-exchange
technique

Yonglin Lei, * Jichuan Huo and Huiwei Liao

A series of NiO–Fe2O3–ZnO layers on double surfaces of polyimide (PI) film have been fabricated by alkaline-

induced chemical modification and ion-exchange reaction. The X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS) and Fourier transform infrared spectroscopy (FT-IR) analyses confirmed the successful

formation of the heterostructured NiO–Fe2O3–ZnO layers on PI surfaces. Scanning electron microscopy

(SEM) and atomic force microscopy (AFM) showed that the NiO–Fe2O3–ZnO nanoparticles were dispersed

uniformly on the PI surface and exhibited an interesting mesh-shaped morphology. The UV-vis absorption

results demonstrated that the PI/heterostructured NiO–Fe2O3–ZnO nanocomposite exhibited wide visible-

light photo absorption in the 400–740 nm range. Moreover, the PI/heterostructured NiO–Fe2O3–ZnO

nanocomposite films possessed excellent mechanical properties and acceptable adhesion, and they

exhibited superior photocatalytic activity compared with PI/ZnO nanocomposite film toward the

degradation of dyes under solar irradiation. The degradation rate of methyl orange over PZNF-3 after

240 min simulated solar light irradiation reached an optimum value 96.2%. The improved photocatalytic

activity of the PI/heterostructured NiO–Fe2O3–ZnO could be mainly attributed to the efficient separation

of photoinduced electrons and holes of the photocatalysts, caused by the vectorial transfer of electrons

and holes among ZnO, NiO and Fe2O3. This study introduces a new class of promising sunlight-driven

photocatalytic nanocomposites with outstanding comprehensive performance.
1. Introduction

Organic pollutants in wastewater have become a world-wide
problem, along with industrial development. Semiconductor
photocatalysis has been considered as one of the most fore-
ground technologies for utilization of natural solar energy to
degrade organic pollutants in wastewater.1 Among various
semiconductor photocatalysts, ZnO, as a promising semi-
conductor material, has been used for removing the toxic
organic pollutants due to its unique properties such as non-
toxicity, abundance in nature, easy fabrication, low cost, low
resistivity, suitable band gap (3.37 eV), high chemical stability
under reducing atmosphere, high photosensitivity and high
catalytic activity.2–6 However, the low optical response of ZnO
over the entire solar spectrum and the rapid recombination of
photo induced electrons and holes weaken its photocatalytic
efficiency. To improve its photocatalytic efficiency, various
techniques such as doping,7–11 modifying by organics,12 fabri-
cating heterostructured metal oxides13–21 and reducing particle
terials, Ministry of Education, School of
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size have been performed.22 The single method of these
approaches has resulted in the improvements of catalytic
properties but only to a limited extent. For example, combining
a p-type semi-conductor with a suitable n-type semiconductor
can drive the photogenerated electrons and holes to the oppo-
site directions,21 thereby minimizing their recombination,
while the enhancement of its visible light response is limited.
Combining multiple ways of above these approaches to improve
the photocatalytic efficiency of ZnO may be possible to
compensate for the limitations of each method and achieve the
maximum synergies. Therefore, it is necessary to nd novel
ways how to combine multiple ways of above these approaches
to improve the photocatalytic efficiency of ZnO. On the other
hand, due to the sophisticated ltration of the suspended
photoactive ZnO nanoparticles from the reaction medium aer
treatment period, its practical and economical application
appear to be so difficult. Immobilization of ZnO on a surface is
an effective route to overcome disadvantages. Different immo-
bilization techniques and support materials are used to produce
these types of materials.23,24 Polymeric materials are especially
preferred due to excellent exibility and easy machining
according to the specic application shape.
RSC Adv., 2017, 7, 40621–40631 | 40621
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Scheme 1 Schematic process for PI/heterostructured NiO–Fe2O3–
ZnO nanocomposite films preparation.
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Over recent years, aromatic polyimide (PI) has been consid-
ered to be one of the most important substrates of composite
materials, because of its excellentmechanical properties, thermal
stability and chemical resistance.25,26 Meanwhile, the hybrid PI/
ZnO composite material has been demonstrated for enhancing
photocatalytic efficiency,27 as a result of ZnO modifying by large
conjugated aromatic structure of PI. More importantly, the
fabrication of ZnO nanoparticles onto polyimide surfaces can
decrease the tendency of nanoparticle aggregation and improve
the dispersity of ZnO nanoparticles. Thus the technique of
incorporating ZnO in PI can at least combine two ways including
modifying by organics and reducing particle size to improve the
photocatalytic efficiency of ZnO.

Conventional methods for fabricating PI/metal oxide nano-
composites mainly focused on external deposition process, such
as directly depositing metal phase onto PI substrate,28–31 directly
incorporating an appropriate metal salt into the PI precursor and
further oxidizing the metal salt to generate metal oxide nano-
particles in situ in the PI matrix.32,33 However, these processes
oen lead to inhomogeneous agglomeration of the ZnO nano-
particles in polymer matrix and usually cannot make full use of
the functional properties ofmetal oxide particles remained in the
matrix. Recently, ion-exchange technique to prepare PI/metal
oxide nanocomposites has been developed.34–38 This method
comprises the surface hydrolysis of PI lm in alkali solution
resulting in the cleavage of the imide rings and the formation of
carboxylic acid groups, subsequent loading ofmetal ions through
the ion exchange of the carboxyl group with the metal cations in
the inorganic metal salt solution, and nal oxidization of metal
cations to metal oxide particles in the surface of the PI matrix.
The major advantage of ion-exchange technique lies in that the
nano-layer metal oxide is easy to fabricate by the controlling of
the size, thickness and distribution of the metal oxide nano-
particle. Another advantage is that altering distribution of the
mixed metal ion in vertical and horizontal PI matrix via ion
exchange reaction can easily obtain heterostructured metal
oxides on the surface of PI. So, in a way, this ion-exchange
technique can be extended to synthesizing heterostructured
nano-ZnO dispersed in PI surface layers, which combined
aforementioned three approaches to modify ZnO.

NiO is a p-type semiconductor (Eg ¼ 3.5 eV) with rock salt or
cubic structure, which can form p–n heterojunctions with ZnO
and thereby minimize e/h+ recombination.39 Fe2O3 is a narrow
band gap (1.9–2.2 eV) semiconductor which is suitable to be
coupled with ZnO to enhance the separation of photo-generated
electron–hole pairs in ZnO.40 Combined with the different band
gap of NiO and Fe2O3, we expected to obtain heterostructured
NiO–Fe2O3–ZnO with better photocatalytic activity, especially in
visible light region. To our best knowledge, there are few reports
on heterostructured NiO–Fe2O3–ZnO materials, specially, on PI/
heterostructured NiO–Fe2O3–ZnO nanocomposites. Herein, we
report the fabrication of heterostructured NiO–Fe2O3–ZnO layers
on double surfaces of polyimide lm via ion-exchange technique.
Subsequently, the effects of initial Ni, Fe and Zn ion loading in
different proportions on microstructural, thermal properties,
mechanical properties and pollutant-catalyzed properties of the
nal composite lms were studied.
40622 | RSC Adv., 2017, 7, 40621–40631
2. Experimental
2.1. Materials

Polyimide (a-BPDA, s-BPDA, 4,40-ODA and PDA) lms with
thickness of 50 mm were prepared by our laboratory. The PI
lms were rinsed by ultrasonic cleaning for 10 min in deionized
water and dried in ambient environment prior to use. Zinc
nitrate (Zn(NO3)2$6H2O), nickel nitrate (Ni(NO3)2$6HO2),
ferrous nitrate (Fe(NO3)2$6HO2) and potassium hydroxide
(KOH) was purchased from Shanghai Chemical Reagent Plant.
All chemicals were analytical grade and used without further
purication.
2.2. Preparation of composite lms

The procedures for preparing PI/heterostructured NiO–Fe2O3–

ZnO nanocomposite lms are illustrated in Scheme 1. First, PI
lms were treated by 2 mol L�1 aqueous KOH solution at 50 �C
for 6 h to perform alkaline-induced hydrolysis, and then washed
with deionized water and blown dry with air. The surface
modied lms were next immersed into Zn(NO3)2, Ni(NO3)2 and
Fe(NO3)2 mixed solution (0.1 mol L�1 Zn(NO3)2, Zn : Ni : Fe ¼
1 : 0 : 0, 2 : 1 : 1, 4 : 1 : 1,6 : 1 : 1 and 9 : 1 : 1, molar ratio) at
room temperature for 4 h under the batch ultrasonic condition
to incorporate Zn, Ni and Fe ions into the lms through an ion-
exchange reaction between potassium and Zn, Ni and Fe ions.
Aer ion exchange, the lms were rinsed by deionized water to
remove the surface residual mixed solution and dried in
ambient atmosphere. Finally, the precursor lms were reimi-
dized by slowly heating to 410 �C within 3 h in a forced air oven
and were kept at 410 �C for 4.5 h. According to this method, the
PI/heterostructured NiO–Fe2O3–ZnO nanocomposite lms with
different molar ratios of 1 : 0 : 0, 9 : 1 : 1, 6 : 1 : 1,4 : 1 : 1 and
2 : 1 : 1 have been synthesized and named as PZNF-0, PZNF-1,
PZNF-2, PZNF-3 and PZNF-4 (all are called PZNF-x).
2.3. Characterization

The crystal structure and composition phase were analyzed by
X-ray diffraction (XRD, Cu Ka, 40 kV, 100 mA, Xpert MPD Pro).
Chemical structure information of polyimide lms and nano-
composite lms was collected using Infrared measurements
(Version BM Spectrometer). The surface morphologies of
nanocomposite lms were determined by a eld emission
scanning electron microscopy (FE-SEM, Ultra 55) and atomic
force microscopy (AFM, SPI3800N). X-ray photoelectron spec-
troscopy (XPS) data were also obtained to analysis surface
chemical composition using an XSAM-800 spectrometer with Al
Ka radiation (hn¼ 1486.60 eV, Kratos). Thermo gravimetric (TG)
This journal is © The Royal Society of Chemistry 2017
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analyses of the samples were performed with a TA Instrument
SDT Q600 in a nitrogen atmosphere at a heating rate of 10 �C
min�1. UV-vis absorption spectra were recorded on a UV-3150
spectrophotometer equipped with an integrating sphere
attachment. Tensile properties were determined from stress–
strain curves with a Toyo Instron UTM-III-500 with a load cell of
10 kg at a drawing speed of 5 cm min�1.
2.4. Photocatalytic degradation experiments

Photocatalytic degradation experiments were carried out in
a customized reactor with a cooling-water-cycle system, and the
reaction temperature of the aqueous solution was maintained
at 25 �C. A 300 W Xe lamp was employed as the exciting light
source for simulated solar light irradiation. The photocatalytic
activities were estimated by the degradation of methyl orange
and 2-nitrophenol (5 � 10�5 M) solution. In each experiment,
the pure PI and the PZNF-x nanocomposite lms (300 mg) were
added into 50 mL dye aqueous solution (5 � 10�5 mol L�1).
Prior to irradiation, the dye aqueous solution was stirred in the
dark for 60 min to ensure the establishment of an adsorption/
desorption equilibrium. During the reaction process under
light illumination, 3 mL of suspension was sampled at given
time intervals, which was analyzed on a UV-vis spectropho-
tometer to record the concentration changes of dye solutions.

The degradation rate (%) has been calculated as:

Degradation rateð%Þ ¼ C0 � C1

C0

� 100

where C0 is the starting concentration when adsorption–
desorption equilibrium was achieved and C1 is the concentra-
tion of dyes at each irradiated time interval.
3. Results and discussion
3.1. XRD characterization

Fig. 1 displays the XRD patterns of pure PI and PZNF-x,
respectively. It can be seen from Fig. 1a, compared to the XRD
curve of pure PI, the additional diffraction peaks in PZNF-0 can
be indexed to ZnO and the additional diffraction peaks in PZNF-
Fig. 1 The XRD patterns of pure PI and PZNF-x: (a) 5–80� and (b) 30–5

This journal is © The Royal Society of Chemistry 2017
1, PZNF-2, PZNF-3 and PZNF-4 can be indexed to ZnO, NiO and
Fe2O3. Therefore, for PZNF-0, the XRD results indicate the
formation of ZnO on the surface of PI, and for PZNF-1, PZNF-2,
PZNF-3 and PZNF-4, the XRD results indicate the coexistence of
ZnO, NiO and Fe2O3 on the surface of PI. Seen from Fig. 1b, the
typical characteristic diffraction peaks located at 31.92, 34.50
and 36.32� in PZNF-0 are assigned to (100), (002) and (101)
reections of the hexagonal phase of ZnO. When comparing the
XRD peaks of PZNF-0 sample to other PZNF-x samples, the XRD
peaks of ZnO shi slightly to higher angles with increasing of Fe
and Ni content. This phenomenon suggests that part Fe and Ni
in NiO and Fe2O3 lattices have been entered into the ZnO
lattices to form the heterostructure.39,40 When comparing the
XRD peaks of PZNF-1, PZNF-2, PZNF-3 and PZNF-4, the intensity
of XRD peaks of NiO and Fe2O3 increases with increasing of Fe
and Ni content, which indicate that the PI/heterostructured
NiO–Fe2O3–ZnO nanocomposite lms of higher contents of Fe
and Ni have more free NiO and Fe2O3 phase. Observed the XRD
peaks of PZNF-1 and PZNF-2 (see Fig. 1b), there is a relative shi
of the NiO (111), NiO (200) and Fe2O3 (104) diffraction peaks.
This also conrms the formation of the heterostructure.
3.2. Morphology analysis

Fig. 2 shows SEM images of pure PI and PZNF-x, respectively. It
can be seen that, the reference pure PI is smooth without the
detection of any particles as shown in Fig. 2a, while the mixed
metal oxide/PI nanocomposite lms show interesting
morphologies of metal oxide particles stacking, as seen in
Fig. 2b–f. It is presented in Fig. 2b that the surface of PZNF-0 is
homogeneously covered with regular ZnO nanoparticles
(20–30 nm), and these nanoparticles are loosely arranged
together, a clear boundary between neighboring particles can be
observed. Upon further treatment by Ni and Fe, the SEM images
give very distinct change. When initial loading molar ratio of
Zn, Ni and Fe ions reaching 9 : 1 : 1, it is shown the surface of
PZNF-1 consists of irregular sized nanoparticles (15–25 nm)
with very small amount of agglomeration (seen in Fig. 2c).
Compared with PZNF-0, the nanoparticles are more densely
packed together and interlink each other on the surface of
0�.

RSC Adv., 2017, 7, 40621–40631 | 40623
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Fig. 2 The SEM images of pure PI and PZNF-x: (a) pure PI, (b) PZNF-0, (c) PZNF-1, (d) PZNF-2, (e) PZNF-3 and (f) PZNF-4.
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PZNF-1, which are attributed to pile up effect by the different
radius of NiO, Fe2O3, and ZnO nanoparticles. One can further
nd in the higher loading molar ratio of Zn, Ni and Fe ions that
nanoparticles agglomerations intent to become more and
Fig. 3 The AFM images and surface average roughnesses of pure PI and
(f) PZNF-4.

40624 | RSC Adv., 2017, 7, 40621–40631
bigger, and these spherical nanoparticles (15–25 nm) are con-
nected to each other more closely and compactly (seen in
Fig. 2d–f). Perhapsmost impressively, it is seen form Fig. 2e that
the mesh-shaped strips cover the whole surface of PZNF-3 and
PZNF-x: (a) pure PI, (b) PZNF-0, (c) PZNF-1, (d) PZNF-2, (e) PZNF-3 and

This journal is © The Royal Society of Chemistry 2017
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each nanoparticle is not completely covered by other nano-
particles. However, for PZNF-4, the mesh-shaped strips disap-
pear, larger micro protrusions form, and a large amount of
nanoparticles are completely encapsulated by outer nano-
particles (seen in Fig. 2f). The inconsistency in the morphology
of PZNF-3 may be attributed to that the proper ratio of the
Fig. 4 The XPS spectra of pure PI and PZNF-x including (a) a wide surve
respectively.

This journal is © The Royal Society of Chemistry 2017
different radius nanoparticles in PZNF-3 are just cross-linked,
uncovered and become trips in a mesh-shaped morphology.
In addition, from the surface morphologies of PZNF-1 to PZNF-
4, it can be observed that NiO and Fe2O3 nanoparticles are
found to assemble at the surface of ZnO crystals to form het-
erostructured NiO–Fe2O3–ZnO and the numbers of
y and (b)–(e) high-resolution spectra of Zn 2p, Ni 2p, Fe 2p and O 1s,

RSC Adv., 2017, 7, 40621–40631 | 40625
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heterostructured NiO–Fe2O3–ZnO on the surface of PIZNNIFE-1
are less.

In the mean time, AFM is introduced to further investigate
the surface features of pure PI and PZNF-x as shown in Fig. 3. It
can be seen that, the AFM surface morphologies of all these
samples have the same trend with SEM images (seen in Fig. 3a–
f). On the other hand, since the surface roughness played an
important role for photocatalytic application of thin lms, we
used AFM to measure the surface average roughness (RMS). It is
detected that for pure PI, the value of RMS is 8.9 nm. But for the
PZNF-0 and PZNF-1 lms, the values of RMS can reach 292 nm
and 338 nm, respectively. This indicates that incorporating ZnO
into PI substantially increases the surface average roughness
and loading a small amount of NiO and Fe2O3 into ZnO/PI
composite lms can improve the surface average roughness.
Additionally, the value of RMS of PZNF-2 to PZNF-4 is sequen-
tially 161 nm, 179 nm and 233 nm, showing increase with the
increase of the Ni, Fe proportion. These results indicate that the
surface of composite lms becomes at with the increase of Zn,
Ni and Fe proportion form 9 : 1 : 1 to 6 : 1 : 1, as a result of more
close stacking of composite nanoparticles. And these also
indicate that the larger and more micro protrusions are bene-
cial to form rougher surface.
3.3. The XPS spectra analysis

Fig. 4 exhibits the XPS spectra of the pure PI and PZNF-x,
respectively. From Fig. 4a, it can be clearly observed that the
peaks of Zn, Fe, Ni, C and O exist in sample of PZNF-1, PZNF-2,
PZNF-3 and PZNF-4, and only characteristic signals of Zn, C and
O appear in PZNF-0. In contrast, only the peaks belonging to C,
N and O exist in pure PI. The XPS surface atomic compositions
for the pure PI and PIZNNIFE-x were displayed in Table 1.

As indicated, the calculated surface atomic ratios of
Zn : Ni : Fe for the PZNF-1, PZNF-2, PZNF-3 and PZNF-4 are
respectively 9 : 0.94 : 1.02, 6 : 0.95 : 1.03, 4 : 0.94 : 1.07 and
2 : 0.95 : 1.12, which are close to the prepared molar ratio of
Zn : Ni : Fe. It can also be found from Table 1, the carbon
concentration decreases with the increase of Zn, Ni and Fe
proportion, which conrms the initial ndings of SEMs that
those nanoparticle agglomerations are intent to become more
and larger in the higher loading molar ratio of Zn, Ni and Fe,
and resulting in covering the PI.

The high resolution XPS spectra Zn 2p spectra for the PZNF-x
lms were shown in Fig. 4b. The binding energies presented at
Table 1 The surface atomic compositions for the pure PI and PZNF-x

Samples

Atomic concentrations %

Zn(2p) Ni(2p) Fe(2p) O(1s) C(1s) N(1s)

Pure PI 0 0 0 25.58 70.29 4.13
PZNF-0 9.81 0 0 39.44 50.74 0.1
PZNF-1 8.15 0.85 0.92 42.48 47.60 0.08
PZNF-2 9.23 1.46 1.59 44.79 42.86 0.07
PZNF-3 10.17 2.39 2.72 59.05 25.63 0.04
PZNF-4 10.59 5.02 5.94 62.15 16.18 0.02

40626 | RSC Adv., 2017, 7, 40621–40631
1021.5 and 1044.8 eV belong to Zn 2p3/2 and Zn 3p1/2, respec-
tively, which agree with the reference value for Zn2+ and are
identical to the reported of related ZnO systems.41 The high
resolution XPS spectra Ni 2p and Fe 2p spectra for PZNF-1,
PZNF-2, PZNF-3 and PZNF-4 lms were shown in Fig. 4c and
d. The typical signals of Ni2+ 2p1/2 (872.6 eV) and 2p3/2 (854.8 eV)
are observed in study samples (Fig. 4c), as well as the typical
shakeup satellites peaks located at ca. 879.5 eV and 861.6 eV.42

The peaks located at 711.2 and 724.9 eV in Fig. 4d are attributed
to the Fe 2p3/2 and Fe 2p1/2, respectively.43 Moreover, two
satellite peaks at 718.9 and 733.1 eV are detected. Based on the
above results, it's demonstrated the Fe in the PI/
heterostructured NiO–Fe2O3–ZnO nanocomposite lms is +3
valence states.44 High resolution XPS spectra of O 1s for pure PI
and the PZNF-x are shown in Fig. 4e. To determine the binding
states of oxygen in samples, the O 1s XPS peaks have been tted
to six deconvoluted peaks. The peaks at 533.08 and 531.82 eV
are due to the ether (C–O–C) and imide functionalities (C]O) of
PI, respectively.36 The peak at 530.70, 530.40 and 530.30 eV
corresponds to the oxygen species in the ZnO,45 NiO46 and
Fe2O3,13 respectively. XPS peak at 529.6 eV is associated with
absorbed oxygen which may be favorable to the oxidation of
organics. As for the pure PI, the binding state of O 1s core-level
electrons can be resolved to C–O–C and C]O. As for the PZNF-
0, the binding state of O 1s core-level electrons can be resolved
to C–O–C, C]O and Zn–O, which indicates that ZnO forms on
the PI lm surface. It can be also nding from Fig. 3e that Zn–O,
Ni–O and Fe–O form on the surface of PZNF-1, PZNF-2, PZNF-3
and PZNF-4 lms. Most noteworthy, there is absorbed oxygen in
PZNF-3 and PZNF-4 lms as a result of the formation of special
surface shapes.
3.4. The FTIR spectra analysis

Fig. 5 exhibits the FTIR spectra of the pure original PI, surface
hydrolysis PI and PZNF-x, respectively.

As shown in Fig. 5, the strong absorbance peaks of pure
original PI at 1714, 1776, and 1354 cm�1 are clearly visible,
which represent the symmetric carbonyl (C]O) stretching,
asymmetric carbonyl stretching and imide ring C–N stretching,
respectively. Aer the lm were treated by KOH, above peaks are
weaken and diminish strongly. And two new peaks at 1658 cm�1

(amide I; carbonyl stretching) and 1544 cm�1 (amide II;
coupling of C–N stretch and N–H deformation) appear. This
result is attributed to the hydrolytic cleavage of the imide
groups contained in the repeating unit of PI. The FT-IR also
shows broad peaks centered at 3445 cm�1, ascribed to basic
hydroxyl groups. Aer thermal curing and forming nano-
composite PI lms, the absorbance peaks arising from imide
ring peaks at 1714, 1776, and 1354 cm�1 appear again. This
indicates that the already opened imide ring has reformed
under this experimental condition. Besides, the broad absorp-
tion band 400–600 cm�1 in PZNF-x is in response to the metal–
oxygenmodes and conrms the formation of metal oxide on the
surface of PI. The FT-IR spectrum of PZNF-0 shows a charac-
teristic absorption peak of Zn–O bond stretching vibrations
located in the range of 434–475 cm�1.47 The new characteristic
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 The FTIR spectra of the pure original PI, surface hydrolysis PI
and PZNF-x.
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absorption peak of Fe2O3 at 550 cm�1 in the FTIR spectra of
PZNF-3 and PZNF-4 indicate that Fe2O3 exist on the surface of
PI.10 The existence of shi and broadening of Zn–O absorption
peak for PZNF-1, PZNF-2, PZNF-3 and PZNF-4 further support
the formation of the heterostructured NiO–Fe2O3–ZnO.

3.5. The UV-visible absorption spectra analysis

Fig. 6 depicts the UV-visible absorption spectra of ZnO, pure PI
and PZNF-x, respectively. It can be seen that the pure ZnO can
only absorb UV light (l < 400 nm) because of its wide band gap
(3.4 eV), and the pure PI has only broad adsorption in the UV
wavelength region below 450 nm due to its delocalized p-
electrons. However, despite weak adsorption in the visible
wavelength region (l > 500 nm) of pure PI and pure ZnO, the
ZnO/PI nanocomposite lm (PZNF-0) shows very broad
absorption bands covering the visible region of 400–600 nm as
reported in other literature.48 Moreover, the PZNF-0 exhibits
a strong absorption for UV light, when compared with pure PI
and pure ZnO. It is expected to have a positive impact on
enhancing its photocatalytic properties and utilizing sunlight.
Fig. 6 (a) The UV-visible absorption spectra of ZnO, pure PI and PZNF-x
ZnO, pure PI and PZNF-x.

This journal is © The Royal Society of Chemistry 2017
The extended visible light response range of PZNF-0 is possibly
a result of the formation of ZnO/PI surface complex. As
compared to the spectrum of pure PI/ZnO nanocomposite lm
(PZNF-0), the PI/heterostructured NiO–Fe2O3–ZnO nano-
composite lms (PZNF-1, PZNF-2, PZNF-3 and PZNF-4) show
wider visible absorption bands with the increase of the Ni and
Fe contents (400–630 nm for PZNF-1, 400–650 nm for PZNF-2,
400–720 nm for PZNF-3 and 400–740 nm for PZNF-4 respec-
tively). These results suggest that the PI/heterostructured NiO–
Fe2O3–ZnO nanocomposite lms have potential for photo-
catalysis using the visible part of the spectrum. This wide
visible-light photo absorption of NiO–Fe2O3–ZnO may be
ascribed to the vectorial transfer of induced electron and hole
among the three semiconductors.18 The band gap energies of
photocatalysts can be estimated by the Kubelka–Munk theory.
In this study, (ahn)n (n¼ 1/2) vs. hn of the materials were plotted
in Fig. 6b. We nd that the calculated energy gap for ZnO, pure
PI, PZNF-0, PZNF-1, PZNF-2, PZNF-3 and PZNF-4 is about 3.22,
2.73, 1.76, 1.66,1.62,1.47 and 1.40 eV, respectively. These results
indicating that the PI and NiO–Fe2O3 could inuence the light
absorption abilities, the band structures, and therefore the
following photocatalytic activities of the ZnO photocatalysts
toward dye pollutant decomposition.
3.6. Mechanical properties

Typical stress–strain curves of pure PI and PZNF-x are illus-
trated in Fig. 7 and the corresponding data are summarized in
Table 2. Compared with the pure PI, the tensile strengths and
the elongations at break of PZNF-x had slightly decreased,
which are the results of alkaline-induced hydrolysis of PI
substrates in PZNF-x. Compared with the pure PZNF-0, from the
table, we can see the noticeable trends of tensile strength of
PZNF-x except PZNF-4 increased when increasing the NiO–
Fe2O3 content, while the tensile elongation decreased. These
trends can be mainly attributed to the rigid particles strengthen
the PI matrix and reduce the exibility. The tensile strength of
PZNF-3 being greatest among PZNF-x can be explained by the
(b) plots of (ahn)1/2 vs. photon energy (hn) for the band gap energies of

RSC Adv., 2017, 7, 40621–40631 | 40627
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Fig. 7 Tensile stress vs. strain (%) of pure PI and PZNF-x.

Table 2 Mechanical properties from tensile testing for the samples

Samples

23 �C tensile properties

Strength (MPa) Elongation (%)

Pure PI 132 12.2
PZNF-0 103 10.9
PZNF-1 108 9.8
PZNF-2 111 9.3
PZNF-3 114 8.9
PZNF-4 105 8.8
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rigid particles on the PZNF-3 surface possessing strongest
interactions as results of the network morphology formation.

To evaluate the adhesion between the surface particles and
PI matrix, ordinary commercial adhesive tape was adhered to
the surface of samples and then was peeled off from it. Fig. 8
shows the SEM surface images of the PZNF-1 before and aer
peeling test. Aer the peeling test (Fig. 8b), although some
agglomerates on the surface of PZNF-1 are drawn away from
surface, yet the overall morphologies before and aer the
peeling are no obvious difference, which indicate the adhesion
between PI matrix and nanoparticle layers is strong. Therefore,
the maintained mechanical properties and strong adhesion
make nanocomposite lms superior over nanoparticles in water
purication.
Fig. 8 SEM surface images of the PZNF-1 (a) before and (b) after peelin

40628 | RSC Adv., 2017, 7, 40621–40631
3.7. Photocatalytic activities

The model reaction for methyl orange photodegradation was
carried out to evaluate the photocatalytic performance of pure
PI and the PZNF-x under simulated solar light irradiation.
Clearly, as displayed in Fig. 10a, about 28.5% methyl orange
over pure PI was degraded aer 240 min simulated solar light
irradiation. Notably, PZNF-x showed enhanced photocatalytic
activity for methyl orange degradation. From the degradation
curves of Fig. 9a, it can be seen that the degradation rates of
PZNF-0, PZNF-1, PZNF-2, PZNF-3 and PZNF-4 toward methyl
orange aer 240 min simulated solar light irradiation are about
80.1%, 93.2%, 86.4%, 96.2% and 81.8%, respectively. As
compared to the PI/ZnO nanocomposite lm, the PI/
heterostructured NiO–Fe2O3–ZnO nanocomposite lms
exhibits higher photocatalytic activity, which may be attributed
to (1) the enhanced visible light absorbance of the PI/
heterostructured NiO–Fe2O3–ZnO as evidence in UV-visible
absorption spectra (Fig. 6) and (2) the higher conduction
band position and the lower valence bond of position semi-
conductor oxide among heterostructured NiO–Fe2O3–ZnO
making interface charges easy transfer18 (as proposed in
Scheme 2), it will efficiently hinder the recombination of pho-
togenerated electron–hole pairs and considerably enhance the
photocatalytic activity.

To understand the electrons holes separation mechanism,
the valence band (VB) and conduction band (CB) potentials of
NiO, Fe2O3 and ZnO were calculated from the following
empirical equations:

ECB ¼ c� Eef � 0:5Eg

EVB ¼ ECB þ Eg

where ECB is the CB edge potential; EVB is the VB edge potential;
c is the semiconductor electronegativity; Eef is the energy of free
electrons on the hydrogen scale (about 4.5 eV); Eg is the semi-
conductor band gap energy. c values are 5.79, 5.88 and 5.76 eV
for ZnO, Fe2O3 and NiO respectively. The calculated VB and CB
edge potentials of ZnO, Fe2O3 and NiO are listed in Scheme 2.
To investigate the improved photocatalytic activity, we assume
the presence of ZnO between Fe2O3 and NiO, NiO between
Fe2O3 and ZnO, and Fe2O3 between NiO and ZnO. Thus, we built
a repetition of NiO and ZnOmode to express that the composite
of three oxides are adjacent to each other. From Scheme 2, we
g test.

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 (a) Photodegradation curves of methyl orange (5 � 10�5 mol L�1) in the presence of different photocatalysts under simulated solar light
irradiation and (b) rate constant K of the different photocatalyst for the degradation of methyl orange under simulated solar light irradiation.

Scheme 2 Schematic diagram of charges transfer on the interface of heterostructured NiO–Fe2O3–ZnO.
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nd that the CB of NiO is more positive than ZnO and the CB of
ZnO is more positive than Fe2O3. Hence the photoinduced
electrons (e�) in CB of NiO can transfer to the CB of ZnO and
Fe2O3, and the photoinduced electrons (e�) in CB of ZnO can
transfer to the CB of Fe2O3. Simultaneously, we also nd that
the VB of NiO is more negative than ZnO and the VB of ZnO is
more negative than Fe2O3. Hence the generated holes (h+) in VB
of Fe2O3 can transfer to the VB of ZnO and NiO, and the
generated holes (h+) in VB of ZnO can transfer to the VB of NiO.

In addition, the morphology of the catalyst is a vital factor in
the photocatalytic process since the catalytic reaction mainly
occurs at their interface. Owing to special surface morphology
of the PZNF-3 (seen in Fig. 2e), the hetero junction area of NiO–
Fe2O3–ZnO obtained an optimum value andmore electron–hole
pairs will separate under illumination, which is benecial to
degrading the organic dyes. While for PZNF-4, more aggregation
of particles on the ZnO surface leads to a decrease in the
effective surface area of heterostructured NiO–Fe2O3–ZnO, and
hence reduces the degradation rate to 81.8% (slightly higher
than PZNF-0).
This journal is © The Royal Society of Chemistry 2017
The methyl orange photodegradation over pure PI and the
PZNF-x follows the rst-order kinetics model (Fig. 9b). The rst-
order kinetics can be expressed by ln(C0/C1) ¼ Kt, where K is the
degradation rate constant. The values of K can be calculated
from the slope and the intercept of the linear plot. The K values
of methyl orange over pure PI, PZNF-0, PZNF-1, PZNF-2, PZNF-3
and PZNF-4 were about 0.0017, 0.0076, 0.0125, 0.0095, 0.0139
and 0.0080 min�1, respectively.

To avoid methyl orange photosensitization, the photo-
catalytic activity of pure PI lm and the PIZNNIFE-x for
degrading other colorless 2-nitrophenol was also performed
under simulated solar irradiation. It can be seen from Fig. 10a
that the PZNF-x also shows high photocatalytic efficiency for
removing 2-nitrophenol and the PI/heterostructured NiO–
Fe2O3–ZnO nanocomposite lms exhibit the same photo-
catalytic regularity as degrading methyl orange. Moreover,
93.1% 2-nitrophenol photocatalytic degradation rate over the
PZNF-3 was obtained under 240 min simulated solar light
irradiation, which indicated that the PZNF-3 could also effec-
tively photo-degrade other colorless organic pollutant. The
RSC Adv., 2017, 7, 40621–40631 | 40629
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Fig. 10 (a) Photodegradation curves of 2-nitrophenol (5 � 10�5 mol L�1) in the presence of different photocatalysts under simulated solar light
irradiation and (b) rate constant K of the different photocatalyst for the degradation of 2-nitrophenol under simulated solar light irradiation.
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larger methyl orange photocatalytic degradation rate than 2-
nitrophenol under the identical condition was the result of
methyl orange photosensitization promoting the photocatalytic
degradation. Furthermore, it is found from that Fig. 10b that
the K values of 2-nitrophenol over pure PI, PZNF-0, PZNF-1,
PZNF-2, PZNF-3 and PZNF-4 are about 0.0014, 0.0062, 0.0101,
0.0080, 0.0121 and 0.0070 min�1, respectively.
3.8. The mechanical stability and recyclability

The mechanical stability and recyclability of the as-prepared
PZNF-3 were evaluated by repeating methyl orange degrada-
tion aer wear test at several times. Wear test in this work was
that a sheet of M40 emery paper with a heavy object (100 g) was
put on the surface of PZNF-3 and the emery paper was dragged
back and forth three times. Before each repeating experiment,
the as-prepared PZNF-3 went through the wear test and was
ultrasonically cleaned with deionised water. The photocatalytic
decomposition of methyl orange was displayed in Fig. 11. As
Fig. 11 The recycling numbers for photocatalytic decomposition of
methyl orange with PZNF-3 after wear test under simulated solar light
irradiation.

40630 | RSC Adv., 2017, 7, 40621–40631
shown in Fig. 11, we can clearly see that the photocatalytic
degraded rate of methyl orange over the PZNF-3 is no obvious
decline even aer seven cycles. The results demonstrate that the
mechanical durability of the PZNF-3 is outstanding, PI has good
oxidation resistance and the as-fabricated nanocomposite lm
is considerably stable.

4. Conclusion

A series of NiO–Fe2O3–ZnO layers on double surfaces of poly-
imide lm have been fabricated by direct ion exchange tech-
nique. The results conrmed the formation of PI/
heterostructured NiO–Fe2O3–ZnO nanocomposite lms. The
obtained PI/heterostructured NiO–Fe2O3–ZnO nanocomposites
possessed notable advantages. (1) The heterostructured NiO–
Fe2O3–ZnO nanoparticles (20–30 nm) were dispersed uniformly
on the PI surface, which could make full use of the functional
properties of all metal oxide nanoparticles. (2) The large
conjugated aromatic structure of PI and the vectorial transfer of
induced electron and hole among the three semiconductors
endowed PI/heterostructured NiO–Fe2O3–ZnO nanocomposites
wider visible absorption (400–740 nm) and higher photo-
catalytic efficiency. (3) The PI/NiO–Fe2O3–ZnO nanocomposite
lms exhibited excellent mechanical properties and acceptable
adhesion, which can overcome the problems of ZnO particles
being difficult to reclaim. This study introduces a potential
novel family of sunlight active photocatalysts for degradation of
organic pollution.
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5 C. Gomez-Soĺıs, J. C. Ballesteros, L. M. Torres-Mart́ınez,
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