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Selectivity of catalysts toward harmful cationic pollutants in industrial wastewater remains challenging
but is of crucial importance in environmental remediation processes. Here, we present a complex net-
work of a hydrolyzed polymer of intrinsic microporosity (HPIM)-based electrospun nanofibrous web with
surface functional decoration of ZnO nanorods (NRs) as a hierarchical platform for selective and rapid
degradation of cationic dyes. Over a single species or binary mixtures, cationic dyes were selectively
adsorbed by the HPIM surface, which then rapidly degraded under simultaneous photoirradiation
through the ZnO NRs. Both HPIM and ZnO exhibited high electronegative surfaces, which induced the
selectivity towards the cationic dyes and rapidly degraded the pollutants with the production of reactive
oxygen species under photoirradiation. Further, as a free-standing web, the catalytic network could be
easily separated and reused without any significant loss of catalytic activity after multiple cycles of
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Cationic dye adsorption
Photodegradation
use. The hierarchical platform of ZnO/HPIM-based heterostructures could be a promising catalytic tem-
plate for selective degradation of synthetic dyes in mixed wastewater samples.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Designing the hierarchical form of a catalytic membrane with
high adsorption capacity and selectivity towards the degradation
of toxic industrial effluents, organic pollutants, and their deriva-
tives are crucial in environmental remediation processes to ensure
human health and environmental protection [1,2]. Even at low
concentrations, these pollutants are genotoxic and disrupt the
endocrine system, posing a hazard to human health. Cationic dyes
such as methylene blue (MB) and rhodamine B (RhB), frequently
used in textiles and printing-based industries, are highly detrimen-
tal to the ecosystem [3]. Effluent from these industries contami-
nates the environment, by not only coloring the water bodies but
also affecting the aquatic life by reducing the dissolved oxygen
level and blocking the entry of sunlight into water [4,5]. Many
studies have investigated removing and degrading organic pollu-
tants from industrial waste using methods such as filtration [6,7],
adsorption [8], degradation [9], and chemical oxidation [10,11].
Selective filtration or degradation of toxic components in mixed
aqueous waste samples have, however, proven challenging. It is
thus necessary to prepare a catalyst that offers effective degrada-
tion and selectivity towards the pollutants in the mixed aqueous
solution at a low cost with effective stability and reusability [12].
Potential surfaces for the effective removal of pollutants from the
water body and air are in high demand. Substrates that are used
for effective adsorption cannot degrade those pollutants and offer
limited adsorption capacity [13–15]. Different semiconducting
nanostructures have, however, exhibited promising potential in
degrading organic pollutants but they do not exhibit selectivity
towards specific pollutants [16–18]. However, semiconducting
nanostructures require photon energy to degrade the dye and
organic molecules and do not show any notable activity toward
the pollutants in the dark. In order to improve their functionality,
active catalytic metal oxide nanostructures have been attached to
appropriate supports offering the capacity for effective adsorption,
which increases the possibility of interactions with the photogen-
erated carrier to degrade the pollutant ions [19,20]. Mostly, gra-
phene and carbon-based supports are used in hybridization with
semiconducting nanostructures to improve the catalytic activity
and dye interactions toward the catalytic process [21–23]. Apart
from carbon-based supports, some polymer-based functional sur-
faces have been employed together with semiconducting nanos-
tructures to promote effective degradation under photoirradiation.

Polymers of intrinsic microporosity (PIMs) are a new class of
polymers that attracted significant interest: they exhibit selectivity
toward the detection of certain organic compounds through their
surface functionality. Modifying the structural functionality of
PIM-1, the first synthesized PIM polymer, in the form of hydro-
lyzed PIM-1 (HPIM) allowed it to adsorb cationic dye molecules
such as methylene blue (MB) and methylene violet (MV), but it
did not adsorb the anionic compound methyl orange (MO)
[24,25]. Furthermore, PIM-I nanofeatures with additional func-
tional surface features allowed uranium adsorption on it unlike
on the parent PIM surface [26]. In addition, the fibrous assembly
of PIMs showed better adsorption performance than their dense
film surfaces [27–29]. Recent developments in the field have
revealed the advantages of electrospun nanofibers (NFs) and
membrane/web-based catalysts, which are considered the most
effective materials due to their simple recovery and reusability
features. PIM-1 exhibits excellent solubility in common organic
solvents and it could be simply modified by hydrolysis in the pres-
ence of sodium hydroxide resulting in hydrolyzed PIM-1 (HPIM),
which displays selectivity towards cationic dye molecules leading
to advantageous selective filtration of textile pollutants from
mixed aqueous solutions [24]. HPIM has shown high selectivity
toward adsorption of certain species as a catalyst, with easy
reusability that makes it feasible for real-time applications. Easy
handling of the catalyst for multiple uses is possible if specific
steps to extract the adsorbed species can be ensured or if it is teth-
ered to an immobilized template. Tagging magnetic species to the
semiconductor has led to easy extraction after catalytic activity
[30,31], but this was enabled only by a few transition metal-
based semiconducting nanostructures. Tagging the catalyst in a
membrane or preparing the catalyst as a membrane provides in
the opportunity for reusability and easy handling. Ranjith et al.
[32] have reported the atomic layer deposition of monodisperse
Pd nanograins on a polymeric web for effective and reusable cat-
alytic activity. Immobilizing the catalyst on the polymeric web
improved the reusability. Polymeric nanofibers played the role of
a membrane and exhibited effective and selective adsorption
toward different pollutants in a mixed sample [33,34]. In general,
wide bandgap semiconductors such as TiO2 and ZnO are consid-
ered promising photocatalysts because of their high redox poten-
tial toward photogenerated charge carriers. The nontoxicity,
affordability, and high electron mobility, however, hinder ZnO
from being suitable as an alternative to TiO2 [35–37]. Fatma
et al. [38] have decorated a polymer fibrous web with ZnO
nanorods (NRs): the resulting system revealed effective and stable
catalytic performance under UV irradiation and was reusable. Con-
structing a hierarchical platform with a polymer–semiconductor
heterostructure could improve the selectivity and degradation
toward cationic dyes, which would offer great potential in environ-
mental remediation applications.

Herein, we intended to design a hierarchical ZnO NR-decorated
HPIM electrospun nanofibrous web offering adsorption of cationic
dyes through favorable selective surface interactions followed by
degradation frommixed aqueous wastewater samples. We demon-
strate a hierarchical design of a free-standing catalytic web
exhibiting selective adsorption towards cationic dyes with high
activity that was easily recoverable and reusable. To our knowl-
edge, we are the first to report the effective and selective degrada-
tion of organic pollutants on a hierarchical membrane surface
comprising ZnO on a HPIM NF surface.

2. Experimental section

2.1. Materials

5,50,6,60-Tetrahydroxy-3,3,30,30-tetramethyl-1,10-spirobisindane
(TSBI, 98%, Alfa Aesar), Tetrafluoroterephthalonitrile (TFTN, 97%,
Alfa Aesar), anhydrous potassium carbonate (K2CO3, 99.0%, Alfa
Aeser), sodium hydroxide (NaOH, pellets), NAN, dimethylfor-
mamide (DMF, �99.8%), ethanol (EtOH, �99.8%), toluene (99.9%),
dimethylacetamide (DMAc, �99.9%), chloroform (CHCl3,
99–99.4%), and methanol (MeOH, �99.8%) were obtained from
Sigma Aldrich. Atomic layer deposition (ALD) of ZnO was per-
formed using diethylzinc (DEZN, Sigma-Aldrich) and HPLC-grade
water (H2O) as the zinc precursor and oxidant, respectively. For
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ZnO NR growth, zinc nitrate hexahydrate (�98%, Sigma-Aldrich)
and hexamine (�99%, HMTA, Alfa Aesar) were used. Methylene
blue (MB, Sigma-Aldrich), rhodamine B (RhB, Sigma-Aldrich), and
methyl orange (MO, Sigma-Aldrich) were used as model pollutants.
All the chemicals were used as received without any further purifi-
cation. De-ionized (DI) water was obtained from a Millipore Milli-
Q system.

2.2. Synthesis of HPIM

The parent PIM-1 was synthesized by reacting TSBI and TFTN
monomers according to a reported procedure [39]. Hydrolysis of
PIM-1 was achieved as reported previously [24]. Briefly, 1 g of
PIM-1 powder was reacted with NaOH (25% w/v) in the presence
of H2O/EtOH (1:1) at 120 �C for 3 h. Then, DI water (100 mL) was
added to this solution prior to filtration under vacuum and dried
at 110 �C overnight. The dried sample was placed in acidic water
(pH = ~4) for 2 h and the mixture was filtrated and washed with
water and then dried at 110 �C overnight.

2.3. Electrospinning of HPIM nanofibrous web

Electrospinning of HPIM powder was achieved according to a
previously reported procedure [24]. Briefly, 70% w/v HPIM powder
was dissolved in DMF at room temperature and stirred for 5 h. The
solution was loaded in a 1 mL syringe equipped with a blend nee-
dle with an outer diameter of 1.2 mm and placed on a syringe
pump (KD Scientific, KDS 101). An aluminum foil-coated metal
plate was used as the collector using the following parameters:
0.5 mL h�1 flow rate, 12 kV applied voltage, and 15 cm distance
between collector and needle. The fibrous web thus obtained was
detached from the aluminum foil and dried at 110 �C under vac-
uum overnight.

2.4. Decoration of ALD-grown ZnO nanograins on HPIM surface

The electrospun HPIM nanofibrous web was used as a substrate
in an ALD process to deposit ZnO nanograins on the surface at
200 �C in a Savannah S100 ALD reactor (Cambridge Nanotech
Inc.). N2 was used as a carrier gas at a flow rate of 20 sccm. 100
cycles of ZnO were applied in the exposure mode to attain a
monodisperse dense nanograin assembly that offered a nucleation
layer for ZnO NR growth. DEZn precursor and H2O were used as
counter reactants. The following parameters were used for each
cycle of ALD: valve OOF/N2 flow set to 10 sccm/H2O pulse
(0.015 s)/exposure (10 s)/valve ON/N2 purge (20 sccm, 10 s) valve
OFF/N2 flow set to 10 sccm/DEZn pulse (0.015 s)/exposure (10 s)
calve ON/N2 purge (200 sccm, 10 s). After the ALD process, ZnO-
seeded HPIM NFs were annealed at 250 �C in air for 2 h.

2.5. ZnO NR growth on HPIM NF surface

The ALD-processed ZnO-seeded HPIM nanofibrous web was
used as a substrate for ZnO NR growth in a low-temperature aque-
ous solution growth process.37 125 mM of zinc nitrate and 125 mM
of HMTA were dissolved to form separate UV-treated Millipore
water solutions and vigorously stirred for 10 min; the HMTA solu-
tion was then added dropwise to the zinc nitrate solution to attain
a single-phase solution. The ALD-processed seed-decorated elec-
trospun HPIM nanofibrous web was tagged with the glass sub-
strates and immersed into the growth solution without letting it
touch the ground. The reaction was maintained at 97 �C for 6 h
and the solution was gently stirred throughout the growth process.
After completing the growth process, the ZnO NR-decorated HPIM
nanofibrous web was cleaned twice with Millipore water and dried
at 150 �C for 30 min.
2.6. Characterization

The surface features and surface morphology of the nanofibrous
web were analyzed by scanning electron microscopy (SEM, FEI-
Quanta 200 FEG) and transmission electron microscopy (TEM,
FEI–Tecnai G2F30) equipped with energy-dispersive X-ray spec-
troscopy (EDAX). The structural properties were analyzed using
X-ray diffraction (XRD, PANalytical X’Pert Multipurpose X-ray
diffractometer with Cu K radiation (k = 0.15418 nm)). X-ray photo-
electron spectroscopy (XPS) was performed with a Thermo K-
alpha-monochromated spectrometer in the constant analyzer
energy mode. Fourier transform infrared (FT-IR) spectra were
obtained using a Jasco FT/IR-6600 unit using KBr pellets from
4000 to 400 cm�1. A TA Q500 instrument was employed for ther-
mogravimetric analysis (TGA) to investigate the thermal properties
of the samples, which were heated to 600 �C at 20 �C min�1 in a N2

atmosphere. 1H nuclear magnetic resonance (1H NMR) spectra
were obtained using a Bruker DPX-400 MHz spectrometer at room
temperature in d6-DMSO. The diffuse reflectance spectra (DRS) of
nanocatalytic arrays were obtained using a UV–visible spectropho-
tometer (UV–Vis, Jasco V-770). Zeta potentials of the HPIM- and
ZnO-nanorod-dispersed solution were determined by a Brookha-
ven Instruments ZetaPALS DB-525 instrument. Each sample was
measured in triplicate during zeta potential measurements, and
experimental results refer to the average values. Photolumines-
cence (PL) measurements were performed using an FL-1057
time-resolved fluorescence spectrophotometer.
2.7. Dye adsorption and degradation

Photocatalytic activity of the samples was estimated by moni-
toring the decomposition of MB, MO, RhB dyes, and the mixed
phase under UV irradiation (ULTRA VIYALUX UV-A, 300 W, Osram)
at room temperature. The ZnO-HPIM based catalytic web with
dimensions of 1 cm � 1 cm was immersed in 5 mL of a 15-ppm
dye solution (pH: 6.3) in a quartz cuvette. Quartz cuvettes with dif-
ferent compositions (pristine HPIM, ALD-processed HPIM, and ZnO
NR-decorated HPIM) of the nanofibrous web were placed side by
side and simultaneously irradiated by UV light. As a control exper-
iment, a dye solution without any catalyst and ZnO NR-decorated
PAN NFs were subjected to the same photo treatment for compar-
ison with the ZnO NR-decorated HPIM NFs. At specific time inter-
vals, the concentration of the dyes was recorded by measuring the
absorbance of the solution at 661 nm, 456 nm, and 542 nm for MB,
MO, and RhB respectively, using a Jasco V-770 spectrophotometer.
All the mentioned experiments were performed in neutral condi-
tions (pH: 6.3) and further, the catalytic activity was also studied
as a function of the pH of the solution, which was controlled by
adding HCl and NaOH to vary the pH between 3 and 11. The con-
centration of organic dyes was determined by measuring the
adsorption intensity at the maximum absorbance wavelength of
the supernatant and the degradation percentage (g) of the solu-
tions was quantified [39]. To understand the effective role of the
adsorption efficiency of nanofibrous surface, the samples were
kept in darkness and the adsorption efficiency was quantified
against time. The hierarchical fibrous structure attained adsorption
equilibrium in the dark but simultaneous adsorption followed by
photodegradation effectively induced the destruction of the
adsorbed pollutant, which maximized the dye loading capability
under UV irradiation. Further, the effective adsorption and degra-
dation of dye functionalities on the nanofibrous surface were ana-
lyzed using FT-IR and UV DRS spectra. The reusability was studied
over ten consecutive cycles to test the stability of the photocata-
lysts. The detailed experimental procedure and calculations are
given in Supporting Information.
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3. Results and discussion

Synthesis of HPIM powder and electrospinning of free-standing
HPIM fibrous membrane were performed according to our previ-
ous report [29]. The FT-IR and 1H NMR spectra and TGA curve of
the HPIM powder are provided in Fig. S1. PIM-based materials
exhibit selective functionality suitable for adsorption and thus they
have been used in filtration-based applications depending on their
functionalities in the form of a nanofibrous web. The fibrous free-
standing membrane has driven a range of innovative functionali-
ties on PIM-based materials unlike for its powder and film forms
[24,39]. Recent reports have evidenced selective cationic adsorp-
tion (of the MB dye) by the hydrolyzed PIM-based nanofibers
and its effective filtration of dye molecules from the wastewater
in the fibrous membrane form [24]. The adsorbate will not be a
perfect solution for water treatment, but degradation of the
adsorbed pollutant will be a key solution toward effective wastew-
ater management. In this study, we decorated ZnO on the HPIM
surface to degrade selectively adsorbed pollutants under photoir-
radiation in a simultaneous adsorption-cum-degradation process.
Decorating ZnO on hydrophobic HPIM surface was highly challeng-
ing and initiated the random growth of ZnO nanofeatures in
unseeded and solution-based seeding processes (Fig. S2 & S3). To
overcome this process, we induced the HPIM as a substrate in
the ALD process and decorated a monodisperse uniform assembly
of ZnO nanograins, which acted as a nucleation platform for the
growth of ZnO NRs on the HPIM nanofiber surface. ALD offers phys-
ical interactions with monodisperse ZnO nanograins throughout
the fibrous network and initiates ZnO NR growth on the HPIM fiber
surface.

The schematic assembly of the obtained hierarchical form of the
nanofibrous web is shown in Fig. 1. Controlled, post-optimized
growth conditions have paved a way to the preparation of hierar-
chical form of ZnO NR-decorated electrospun HPIM nanofibers
[40]. Fig. 2 clearly reveals the morphological evolution of the HPIM
surface after the ALD and solution growth processes. Fig. 2a and b
shows the low- and high-magnification SEM images of the electro-
spun HPIM nanofibers. The HPIM fibers had a uniform diameter of
~1 mm with a free-standing web finish with a hydrophobic nature
(inset, Fig. 2b) [41]. Solution phase ZnO nucleation on HPIM fibers
Fig. 1. Schematic illustration of growth process of hierarchical asse
resulted in poor interaction and offered irregular ZnO NR growth in
the form of patches (Fig. S3) due to the hydrophobicity.

In the ALD process, the HPIM exhibited structural stability with-
out undergoing destruction of its fibrous morphology (Fig. 2c, d).
HPIM fibers showed thermal stability at a temperature of nearly
250 �C (Fig. S4) and could withstand the deposition temperature
of ALD (200 �C). Using ALD, a ZnO nucleation (seed layer) was dec-
orated on the HPIM nanofibers to grow ZnO NRs on the fiber sur-
face as a hierarchical assembly (Fig. 2e). The grown ZnO NR
arrays had an average length of 1.5 mm with a uniform diameter
of 50–70 nm (Fig. 2f). After the hierarchical ZnO NR growth, HPIM
NFs retained their hydrophobic nature. During the ZnO NR growth
on the HPIM surface, while the ALD-free ZnO nucleation resulted in
a random distribution of microstructural growth of ZnO NRs with
poor surface interaction (Fig. S2). Fig. 3(a–d) shows the coverage
of the ALD-processed ZnO seed layers and the ZnO NR growth on
the HPIM fiber surface as determined by TEM investigation. Under
the ALD process at the deposition temperature of 200 �C, a semi-
conformal monodisperse nanograin assembly of a dense ZnO base
thin layer was observed (Fig. 3a). The resulting bright contracted
nanograins on the HPIM surface evidenced ZnO nuclei of a spheri-
cal shape with sizes of 3–6 nm (Fig. 2b). The nanograins were in the
polycrystalline phase, which favored post-growth of ZnO NRs on
the HPIM surface. EDAX (Fig. S5) of HPIM nanofibers confirmed
the presence of ZnO on the surface. Fig. 3c shows the ZnO NR
growth on the HPIM surface with growth initiation from the ALD
seed surface, which acted as a nucleation platform. The high-
magnification TEM images of the ZnO NRs exhibit a NR diameter
of around 50 nm that were nearly vertically aligned to the fiber
surface.

Fig. 4 displays the XRD pattern of HPIM fibers and ZnO-
decorated HPIM. The XRD pattern of the pristine HPIM nanofibers
exhibited only the carbon-based spectral peak. Integrating ZnO
nanograins through the ALD process led to peaks at 2h = 32.4�,
34.6�, and 36.5�, which represent the (1 0 0), (0 0 2), and (1 1 0)
peaks and clearly matched those of the hexagonal wurtzite crystal
structure (ICDD 01-074-9940) of ZnO [38]. This suggests the suc-
cessful deposition of ZnO on the HPIM surface after the ALD pro-
cess. On the ZnO NR-decorated HPIM surface, the intensity of the
ZnO based peaks increased, suggesting the density of ZnO sites
mbly of ZnO NR-decorated HPIM electrospun nanofibrous web.



Fig. 2. Low- and high-magnification SEM images of the hierarchical HPIM nanofibrous web: SEM images of (a, b) pristine HPIM, (c, d) ALD-based ZnO-seeded HPIM, and (e, f)
ZnO NR-decorated HPIM nanofibrous web.
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on the HPIM surface, and no other peaks were detected, which con-
firmed the purity of the hierarchical network. Furthermore, the
surface oxygen defect states and oxygen vacancies on the ZnO host
lattice on the seed surface and the NR surface were quantified
using the XPS spectra.

Fig. 5 displays the FT-IR spectra of the HPIM and ZnO-decorated
HPIM nanofibrous membrane. The HPIM was stable after ZnO load-
ing through ALD and after the solution growth process. The NAH
vibration between 3500 and 3000 cm�1 and the carbonyl peaks
associated with amide 1 and amide 2 at 1680 and 1590 cm�1 con-
firmed the complete hydrolysis of PIM-1 [41]. The structural fea-
tures of the HPIM did not change after ALD and the solution
growth process of ZnO. Moreover, the signal at around 430 cm�1

indicates the M–O stretching vibration results because of the pres-
ence of Zn–O on the HPIM surface [42]. Compared with that of the
ZnO NR-HPIM nanofiber, the density of ZnO was low on the ZnO
ALD-HPIM NFs, which resulted in the low M–O vibration on the
HPIM surface. In addition, the broad peak centered at 3450 cm�1

was assigned to the stretching of hydrogen-bonded –OH groups
on the nanostructures, which functionalized the HPIM surface.

The surface functionality was further confirmed by the XPS
spectra of the pristine and ZnO-decorated HPIM nanofibers. The
pristine nature of the HPIM with the additional ZnO functionality
and the native oxygen defect states were determined for the hier-
archical nanofibers (Fig. 6). As seen in the survey spectrum
(Fig. 6a), the nitrogen functionality on the HPIM surface was stable
after ZnO loading with the addition of some –Cl functionality due
to the solvent effect. After the ZnO decoration, the resolved peak
disappeared due to the cleaning process in the ZnO NR growth.
Fig. 6b shows the high-resolution C 1 s spectra, with two major



Fig. 3. Low- and high-magnification TEM images of the hierarchical HPIM nanofibrous web: (a, b) ALD-based ZnO-seeded HPIM nanofiber and (c, d) ZnO NR-decorated HPIM
nanofiber.

Fig. 4. XRD spectra of hierarchical HPIM nanofibrous web: (i) pristine HPIM, (ii)
ALD-based ZnO-seeded HPIM, and (iii) ZnO NR-decorated HPIM nanofibrous web.
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Fig. 5. FT-IR spectra of hierarchical HPIM nanofibrous web: (i) pristine HPIM, (ii)
ALD-based ZnO-seeded HPIM, and (iii) ZnO NR-decorated HPIM nanofibrous web.
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Fig. 6. XPS spectra of hierarchical HPIM nanofibrous web: (a) survey spectrum; (b) high-resolution C 1s spectra, wherein inset shows the high-resolution spectra of N 1s; (c)
high-resolution Zn 2p spectra; and (d) high-resolution O 1s spectra. (i) HPIM NFs, (ii) ZnO ALD-HPIM NFs, and (iii) ZnO NR-HPIM NFs.
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peaks at 284.6 eV and 288.4 eV, representing the C 1 s core level
and oxygenated carbon, respectively [43]. The fibrous surface led
to oxygen-containing functional groups such as the carboxyl and
hydroxyl groups, which rationalized the broad peak at around
288.4 eV. The spectrum was deconvoluted into four peaks at bind-
ing energies of 284.6 (CAC), 285.4 (CAN), 286.7 (CAO), and
288.4 eV (C@O). Extended peaks for the pristine HPIM NFs, attribu-
table to CAN, appeared at 285.4 eV on the fibrous surface [44]. The
inset of Fig. 6b shows a N 1s signal at around 399 eV, attributable
to the imidazole ring group on the HPIM fiber surface [45]. With
the ZnO loading, the amount of N decreased due to the thermally
induced growth process. Fig. 6c displays the high-resolution Zn
2p XPS spectra, showing two peaks at 1020.8 eV and 1043.9 eV,
corresponding to Zn 2p3/2 and Zn 2p1/2 core levels, respectively
[40]. The peak positions and distance between the peaks suggest
the +2 oxidization state of ZnO on the fiber surface. To quantify
the defect states on the ZnO seed layer and ZnO NRs, the
high-resolution O 1s spectra were characterized and convoluted
according to the surface functionality (Fig. 6d). The presence of
oxygen defect states led to optical emission under visible irradia-
tion, which promoted the photocatalytic activity. Over the HPIM
surface, the hierarchical feature resulted in a wide and asymmetric
peak representing multiple chemical states. Using the Gaussian
function, the peaks were split into three according to oxidation
states. The peak at 530.1 ± 0.2 eV denotes the lattice oxygen inter-
acting with metal, which was similar for the ZnO seed layer and
ZnO NR-decorated HPIM nanofiber surface [40,46]. The peaks at
531.2 ± 0.2 eV and 532.2 ± 0.2 eV denote oxygen vacancy/defi-
ciency states and chemisorbed oxygen states on the ZnO-loaded
fiber surface [40,46]. The pristine HPIM NFs exhibited two peaks
assigned to oxygen functional groups at 530.8 ± 0.2 eV and 532.5
± 0.2 eV, related to the C@O and O-C@O groups, respectively.

The UV DRS spectra (Fig. 7) reveal the characteristic absorption
signal of the HPIM with the ZnO nanostructures. The strong signal



Fig. 7. UV–Vis DRS spectra of hierarchical HPIM nanofibrous web. Inset shows the
K-M plot of the corresponding ZnO-decorated HPIM NFs.
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with the sharp absorption edge at around 400 nm reveals the band
edge emission of ZnO. The strong sub-band emission at the UV
region at 300 nm represents the absorption of HPIM [24]. With
the functionality of ZnO NR on the HPIM surface, the visible absor-
bance was extended to around 500 nm, which may be due to the
presence of high oxygen-based defect states on the ZnO NR arrays.
The possible presence of ZnO on the HPIM surface led to a shift in
the band edge adsorption toward the visible region. The PL signal
reveals the photoresponsive emission behavior of the HPIM nano-
fibers containing the ZnO functionality (Fig. S6). Under excitation
at 340 nm, the strong emission at 380 nm represented the band
edge emission of ZnO on the HPIM surface. Compared to that
offered by the ZnO ALD seed layer, the band edge emission of
ZnO was more intense, representing the loading density and crys-
talline nature of the ZnO on the HPIM surface. The broad emission
in the visible region represents the surface functional emission of
HPIM. With the function of ALD ZnO, the broad visible emission
of HPIM shifted owing to the richness of oxygen interstitial states
on the HPIM fiber surface. In the presence of ZnO NRs, two addi-
tional peaks were seen at around 460 nm and 500 nm, representing
the oxygen-based vacancy states arising from ZnO NRs on the
HPIM surface. The ZnO NR-grown HPIM fibers show promising
band edge emission at 3.25 eV but there is only a trace signature
of noted for the ZnO seed HPIM NFs. The relative spectral intensity
of the band edge emission reveals the optical quality of the nanos-
tructural platform. Similar to the ZnO seed layer, ZnO NR exhibited
a significant broad emission in the visible region, which represents
coupled relative emissions such as those of oxygen vacancy states
[47]. The relative intensity of the band emission from the defect
emission was nearly 10 times higher for the ZnO NR-grown HPIM
fiber surface compared to the ALD-seeded HPIM NFs, which reveals
the higher optical quality of the fibrous platform.

To evolve the selective adsorption and catalytic performance of
the ZnO-decorated HPIM NF web over the contaminated water,
MB-, RhB-, and MO-based dye molecules were used as typical
organic pollutants. In the dark, under neutral conditions, the HPIM
nanofibers showed an adsorption efficiency of 98.8%, 94.3%, and
3.3% for MB, RhB, and MO, respectively after 18 h and the ZnO
NR-decorated HPIM nanofibers showed corresponding rates of
92.7%, 89.9%, and 8.1% (Fig. S7). The slight decrease in the absorp-
tion rate on the ZnO NR-decorated HPIM nanofibers were due to
the changes in the surface charge and ZnO loading, which reduced
the number of active HPIM adsorption sites. The highly electroneg-
ative functionality-containing HPIM-based nanofibers adsorbed
nearly 90% of the cationic dyes such as MB and RhB (Fig. S7a, b),
but barely adsorbed any MO dye in a similar period of time (only
8%) (Fig. S7c). Fig. S8 shows the change in color with respect to
time in the presence of catalytic NFs. This trend was observed for
both the pristine HPIM and ZnO-seeded HPIM nanofibers. Variation
in the dye removal efficiency of the HPIM and ZnO NR-decorated
HPIM NFs as a function of the pH was also investigated. Fig. 8a
shows the effect of pH on MB and MO dye adsorption from aque-
ous solutions in the dark. The pH of the pollutant was varied from
3 to 11 at the adsorption concentration of 15 ppm with an adsor-
bate web size of 1 � 1 cm (~1.4 mg) and a contact time of 18 h.
The HPIM NFs showed MB adsorption efficiencies of 49.1%, 65.3%,
86.7%, 98.1%, and 90.5% at pH 3, 5, 7, 9, and 11, respectively. For
the ZnO NR-decorated HPIM NFs, the adsorption efficiencies were
47.1%, 62.7%, 83.4%, 92.7%, and 87.9% at pH 3, 5, 7, 8, and 10,
respectively. Further, MO adsorption over at different pH showed
that ZnO NR-HPIM NFs exhibited a 2.1–8.1% efficiency variation
on varying the pH from 3 to 11, which resulted in a negative
adsorption effect on the HPIM surface. The as-prepared HPIM
nanofibers showed a high electronegativity of –62.2 mV under
neutral conditions, which induced interactions with positivity
charged ions, thereby facilitating cation adsorption on the fibrous
surface. Increase in the pH led to the hybrid surfaces becoming
more electronegative (Fig. S9), which favored the surface interac-
tions with the cationic dye that promoted the adsorption and pho-
todegradation efficiency. The effect of the contact time with the
dye solution was studied under neutral pH by adding 1 � 1 cm2

of adsorbent and 10 mL of the solution into special glass-
stoppered tubes and the experiment was performed with the con-
tact time varied from 0 to 18 h (Fig. 8b). The MB dye adsorption by
the ZnO NR-HPIM nanofibers was slow and steady (Fig. 8b). At the
contact time of 18 h, ZnO NR-HPIM nanofibers had attained
adsorption equilibrium. Investigation of the kinetics of MB and
MO dye removal through ZnO NR-HPIM NFs helped determine
the adsorption behavior of the hierarchical fibrous web. Fig. S10
shows the adsorption rate of the dye molecules on the HPIM and
ZnO NR-HPIM nanofibers. The kinetic data obtained for the adsor-
bent web could be better fitted to the pseudo-second-order kinetic
model, suggesting chemical adsorption of the cationic pollutant by
the HPIM surface. The HPIM-based fibrous surface did not partici-
pate in an active role in the adsorption of MO. Furthermore, the
adsorption rate was much faster for the pristine HPIM and ZnO-
seeded HPIM fibers compared to that noted for the ZnO NR-
decorated HPIM NFs (Fig. S7d) due to the high surface interactions
of HPIM in the fibrous morphology.

Fig. 8c and 8d exhibits the photodegradation rate of ZnO-loaded
HPIM nanofibers over MB and MO under UV irradiation in neutral
pH. In the presence of ZnO NR-decorated HPIM nanofibers, it took
18 h for the complete removal of MB in the dark. On the other
hand, the dye solution reaches a decolorization efficiency of above
90% within 120 min under UV irradiation. After 100 min of UV irra-
diation, the photocatalytic degradation efficiency of HPIM, ZnO
ALD-HPIM, and ZnO NR-HPIM NFs were 36.7%, 57.7%, and 94.1%
respectively: the pristine HPIM NFs showed the lowest degradation
performances resulting in the absence of photocatalytic activity.
The results were compared with those previously reported for
hybrid fibrous web-based catalytic networks, as summarized in
Table S1. Compared to the commercially available ZnO (43.3% in
100 min), the hierarchical ZnO-loaded HPIM NFs displayed promis-
ing decolorization efficiency in a membrane form that offered sim-
ple recovery. The change in the decolorization efficiency was due
to the effective photogenerated carrier on the ZnO surface leading
to promotion of the radical ions and degradation of the adsorbed
dye molecules on the HPIM surface, which further enhanced the
adsorption. The faster degradation in the ZnO NR-HPIM NFs was
due to the high electrostatic interactions of the cationic dye on



Fig. 8. Adsorption and photocatalytic properties of ZnO NR-decorated HPIM-based hierarchical NFs. (a) Effect of solution pH on adsorption in the dark (Dosage of
adsorbent = 1 � 1 cm2, concentration of metal ions = 15 mg L�1, contact time = 120 min). (b) Effect of contact time on adsorption of MB and MO onto HPIM and ZnO NR-HPIM
nanofibers in the dark. (Dosage of adsorbent = 1 � 1 cm2, concentration of metal ions = 15 mg L�1, pH = 6.0). (c, d) Photocatalytic efficiency for MB and MO against time, (e, f)
pH-dependent catalytic efficiency of ZnO NR-HPIM NFs for MB and MO under 100 min of UV irradiation.
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the fiber surface with simultaneous photodegradation activity of
the high loading of ZnO nanostructures compared with that of
ZnO ALD-HPIM NFs. In HPIM NFs, the decolorization efficiency
was maintained only due to the surface adsorption of the cationic
pollutant on the fiber surface. To understand the role of the selec-
tive adsorption sites in promoting the catalytic activity, the similar
surface feature of ZnO NR decorated on polyacrylonitrile (PAN) NFs
(Fig. S11) were compared. The ZnO NR-PAN NFs which has results
88.1% of degradation efficiency is slower than the ZnO ALD-HPIM
NFs (94.1%) under similar time which results in fascinating surface
adsorption effect of the HPIM fiber surface which facilitated faster
catalytic activity. Fig. 8d shows that the photocatalytic degradation
of MO had efficiencies of 4.1%, 23.6%, 50.2%, and 53.4% for the pris-
tine HPIM, ZnO-seeded HPIM, ZnO NR-decorated PAN, and ZnO NR-
decorated HPIM NFs. The degradation of MO was preferable due to
the ZnO catalyst on the fiber surface, and HPIM nanofibers did not
play any role in the photodegradation process and it did not adsorb
any anionic dye molecules. The ZnO-decorated HPIM NFs showed
superior degradation rate (Fig. S12) over the cationic pollutants
under visible irradiation that was nearly 7 times higher than that
of the HPIM NFs. This could be due to the fact that the HPIM nano-
fibers had a highly electronegative surface favoring the adsorption
of cationic dyes on the surface, which led to the interactions of the
dye with the catalyst surface being enhanced. To further confirm
the byproduct formation during the photodegradation process,
the degradation of MB dye molecules against time under visible
irradiation with ZnO NR-decorated HPIM NFs was analyzed by
LC-MS. Fig. S13 clearly shows the degradation of MB dye molecules
without the formation of any byproducts after irradiation for
120 min using ZnO NR-decorated HPIM NFs as the catalyst. To
address the significant promotional high electronegativity effect
of the HPIM and ZnO surface, pH-dependent catalytic properties
of the system over MB (Fig. 8e) and MO (Fig. 8f) were investigated
using a series of solutions with pH ranging from 3.0 to 11.0 in
degradation experiments. Compared to acidic conditions, the cat-
alytic fibers showed a high degradation rate in basic pH. At neutral
conditions, until pH 9, the degradation rate exhibited an incremen-
tal trend, and at pH 9 the degradation rate reached the maximum
for MB. This may be due to the zero-point energy of ZnO and the
deprotonation effect of HPIM, resulting in effective surface interac-
tions of the MB dye with ZnO and HPIM at that pH which facili-
tated faster degradation [25,47]. At basic conditions above pH 9,
the surface of ZnO became negatively charged (higher than zero-
point energy of ZnO) and facilitated the adsorption of more catio-
nic dyes to the catalyst surface and enhanced the catalytic activity.
Under strongly alkaline environments (pH� 11), ZnOmay undergo
dissolution due to the high OH functionality that could slow the
degradation rate [48]. Compared to pristine HPIM NFs and ZnO-
seeded HPIM NFs, ZnO NR-decorated HPIM showed a faster degra-
dation due to the photogenerated charge carrier on the ZnO-loaded
HPIM surface. The effective density of the ZnO NR led to higher cat-
alytic activity compared to the ALD-grown ZnO nanograins on the
HPIM NF surface. However, the degradation of MO with respect to
the pHwas reversible unlike that of MB. This phenomenon was due
to the dyes and the surface-charge properties of the photocatalysts,
which are related to the zero charge. Since MO is an anionic dye, in
acidic conditions, electrostatic interactions between the anionic
dyes and positively charged catalyst improve the degree of adsorp-
tion, which favors the photocatalytic activity; however, under
basic conditions, electrostatic repulsion results in poor catalytic
efficiency [49]. The reusability and stability of the catalytic web
was investigated to demonstrate the promising lifetime of the cat-
alytic web. The reusability of the catalytic web when used for MB
under neutral conditions (pH 6.3) was performed by reusing the
catalytic web for multiple catalytic cycles (Fig. 9a) for 150 min of
photoirradiation for each cycle. The results suggested successful
reuse for ten consecutive catalytic cycles with a conversion of
>90%, demonstrating the excellent recyclability of the catalytic



Fig. 9. Reusability and dye-adsorbing functionality of hierarchical webs. (a) Photocatalytic reusable properties of the hierarchical fibrous web over MB; (b) SEM images of ZnO
NR-decorated HPIM NFs after ten photodegradation cycles: the inset shows the effect of dye loading on catalytic webs; (c, d) FT-IR and UV–Vis DRS spectra of the hierarchical
catalytic web (i) in pristine ZnO NR-HPIM NFs, (ii) ZnO NR-HPIM NFs after MB dye adsorption in dark, (iii) simultaneous MB adsorption & degradation under UV on ZnO NR-
HPIM NFs, (iv) reused ZnO NR-HPIM NFs photocatalyst after 10 cycles of MB degradation.
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web. Moreover, the stability of the catalyst was demonstrated by
morphological characterization using SEM images. The hierarchical
ZnO-HPIM NFs assembly was stable after multiple catalytic cycles
(Fig. 9b). The inset of Fig. 9b shows the optical images of the ZnO-
decorated HPIM NFs before and after ten cycles, displaying the sta-
bility of the 3D hierarchical web surface.

Since the HPIM NF exhibited effective adsorption through
chemical interactions with cationic pollutants, reversible swell of
the adsorbed pollutants was quite difficult with the water. How-
ever, the slow and steady adsorption of cationic dye on the ZnO
NR-HPIM surface led to degradation of the surface-adsorbed dye
molecules effectively under photoirradiation and resulted in faster
degradation. During multiple uses, the fibrous web started to
adsorb the cationic pollutants to its core surface, which minimized
the possibility of the photogenerated carrier to degrade the dye
molecules that reached the core of the HPIM nanofibers (inset,
Fig. 9b: dye-adsorbed fibers). PIM-1 has exhibited the reversible
swell of its absorbed pollutants in the presence of methanol [24].
After immersing the dye-adsorbed ZnO NR-HPIM NFs in
methanol-mixed water (1:9), 60% of its dye-adsorbed functionality
was confirmed to have been lost, as confirmed by the UV DRS spec-
tra of the dye-absorbed ZnO-HPIM NFs (Fig. 9d). The lower desorp-
tion rate was due to the strong interaction of cationic dyes with the
highly electronegative HPIM surfaces and because the dye mole-
cule was adsorbed to the core fiber surface, which did not interact
with the ZnO surface to get degraded. Without the methanol, the
desorption rate was further delayed because of the strong adsorp-
tion of the dye on the HPIM NFs. Methanol dissolved the dye from
the core fiber for effective participation in the photocatalytic
degradation process on the fiber surface. As in semiconducting
catalysis, the surface interaction mainly resulted in faster interac-
tion of the dye molecules with the photogenerated reactive oxygen
species (ROS), which produced at the catalytic surface [50]. The
pristine HPIM did not show any significant change under the pho-
toirradiation and MB was not degraded or leached from its surface.
However, in ZnO-loaded HPIM NFs, surface-decorated ZnO NR
could produce more superoxide radicals (Fig. S14) under photoirra-
diation and promote the photodegradation, which only left a mild
trace of dye functionality on the catalytic fiber surface. Addition-
ally, the FT-IR spectrum (Fig. 9c) of the ZnO NR-HPIM NFs before
and after the catalytic process revealed that there was not much
dye functionality on the NF surface after the degradation process,
which meant effective degradation of dye molecules under the
photocatalytic process. To quantify the dye loading density, the
pristine and dye-degraded nanofibrous web were compared with
the dye-absorbed HPIM NF web, which exhibited a lower density
of carbon functionalities, close to that of the pristine HPIM surface:
this led to the nearly complete degradation of dye molecules on
HPIM surface under photoirradiation.

Further, to evaluate the selectivity towards the pollutant mole-
cules in mixed samples, such as the mixtures MB and MO, MO and
RhB, and MB and RhB were prepared and investigated by ZnO NR-
decorated HPIM NFs catalyst in the dark and under UV irradiation
(Fig. 10). The UV–Vis absorbance spectral intensity against the
wavelength of the dye molecules determined the adsorption capa-
bility of the catalytic fibers. Fig. 10a, c, e show the UV absorbance



Fig. 10. Selective adsorption and degradation of hierarchical webs towards mixed dyes: UV absorbances spectra of mixed dyes with ZnO NR-decorated HPIM NFs in dark for
720 min: (a) MB and RhB, (c) MB and MO, and (e) RhB and MO. (b, d, f) Adsorption and degradation efficiencies in the dark and under UV irradiation in mixed dye solutions in
180 min, respectively. Insert shows the color change of the mixed dyes solution in the dark and under UV irradiation against time containing ZnO NR-decorated HPIM
nanofibrous web.
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spectra of the mixed dye solutions kept with the ZnO NR-decorated
HPIM NFs in the dark against time. The results illustrated the effec-
tive adsorption of the cationic dyes such as MB and RhB since their
respective absorbance peaks disappeared, with only the character-
istic anionic dye (MO) absorbance peaks being detected in the dye
mixture (Fig. 10a, c, e). The photographs of the dye solution
obtained at various times show the change in color from green to
purple to colorless for mixed MB-RhB, orange from mixed for
MB-MO, and red to orange for the mixed MO-RhB, as can be
observed by the naked eye (inset of Fig. 10), respectively. The
results demonstrate high selectivity towards the cationic pollutant
and that simultaneous UV irradiation led to faster degradation on
the ZnO NR-decorated HPIM NFs.

The superior degradation performances over the hierarchical
ZnO NR-decorated HPIM NF surface were attributable to (i) the
strategical effect of the highly electronegative functionality of the
ZnO and HPIM NFs, which led to selective adsorption and following
degradation of cationic pollutants; (ii) the promotional effect of
highly dense ZnO NRs, which offered richness of ROS on the fiber
surface that degraded the surface-absorbed pollutants; (iii) faster
degradation of surface-adsorbed pollutants by the ZnO NRs leading
to further adsorption of the pollutant from the reactant solution,
which positively affected the high degradation rate; (iv) the solu-
tion growth of ZnO NRs inducing richness of oxygen defect states
that minimized the recombination rate and promoted the photo-
generated electron to the catalytic surface to enhance the catalytic
activity. (v) the network assembly of the 3D web-based fiber sur-
face inducing a high surface area and exposing the rich active sites
as well as favoring multiple cycles of use. The hierarchical fibrous
membrane is highly selective towards cationic dyes and shows
promising catalytic activity towards cationic dye molecules. The
pristine NFs showed decreased adsorption capacity after multiple
cycles. However, ZnO-decorated HPIM fibers showed promising
adsorption of dye due to the degradation process, which offered
a platform to adsorb the pollutant again and again without
destroying its morphology.
4. Conclusions

In summary, ZnO-decorated HPIM NFs were successfully syn-
thesized through aqueous solution-grown ZnO NRs on electrospin-
ning of HPIMwith the promotional nucleation effect by ALD-grown
ZnO on the HPIM surface. These hierarchical fibers were adopted
for the selective dye adsorption-cum-degradation of mixed textile
dye solutions under photoirradiation. The HPIM surface exhibited
selectivity toward the adsorption of cationic dye molecules (MB
and RhB) and the ZnO effectivity degraded the dye molecules
under photoirradiation. The adsorption functionality on the HPIM
surface led to favorable interactions of pollutant molecules on
the catalyst surface, which improved the catalytic rate through fea-
sible surface interactions. Further, the synthetic process formed a
stable structure and morphology that were retained after several
cycles of use, suggesting low leaching of ZnO and excellent reusa-
ble performance. This work thus demonstrates the easy fabrication
of flexible freestanding hierarchical nanofibrous membranes
towards selective degradation of pollutants in dye solutions with
reusability and high stability.
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