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Abstract: The immobilization of photocatalyst onto substrate has a great potential for energy-intensive
separation to avoid the costly separation process and unwanted release of photocatalyst into the
treated water. In this study, electrospun nanofiber composed of polyvinylidene fluoride (PVDF)
with the immobilized ZnO, ZnO/Ag2CO3, ZnO/Ag2CO3/Ag2O, and ZnO/Ag2O photocatalysts were
prepared via the electrospinning process. The immobilized ZnO and heterojunctioned ZnO in
the PVDF electrospun nanofiber were proven via X-ray diffraction (XRD) and Fourier transform
infrared spectroscopy (FTIR). The electrospinning allowed high chemical binding of the nanofiber
composite with good physical interaction between the photocatalyst and the electrospun nanofiber.
AFM images obtained for the nanofibers were found to be rougher than that of the pristine PVDF
electrospun nanofiber. Among the photocatalyst embedded, the immobilized ZnO/Ag2CO3/Ag2O
had endowed the nanofiber with an excellent photocatalytic activity and recyclability for the
degradation of the RR120 under UV light irradiation. Based on the results, effective immobilization
of ZnO/Ag2CO3/Ag2O in PVDF nanofiber with 99.62% photodegradation in 300 min compared to
PVDF-ZnO, PVDF-ZnO/Ag2CO3, and PVDF-ZnO/Ag2O of 28.14%, 90.49%, and 96.34%, respectively.
The effective ZnO/Ag2CO3/Ag2O immobilization into polymers with affinity toward organic dye
pollutants could both increase the efficiency and reduce the energy requirements for water treatment
via the photocatalytic application.
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1. Introduction

In the last decades, the expanding use of synthetic dyes in many industries such as textile, food,
leather, paper production, hair coloring, and agriculture has been particularly noticeable, leading to
increasing concern because of their widespread presence. As such, these activities compel the continual
number of wastewater discharge [1]. Despite the concentration of the dye, oftentimes, the wastewaters
are colored and turbid. Dyes, as well as their breakdown products and myriad others, are mutagen and
harmful to human health. Consequently, approaches to curbing issues related to these lethal organic
materials are instigated, as the toxic materials are being released excessively.
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The photocatalytic approach is one of the approaches that are progressively addressed due to it
being environmentally friendly technique, which suggests a great potential for environmental protection
and energy conversion so organic pollutants can be efficiently degraded. Throughout the process,
light irradiation with an increased photon energy or equal to the band gaps of the photocatalysts can
be used for generation of reactive oxidation species (ROS) by semiconductor-based photocatalysts [2,3].
In the photo-mineralization of organic pollutants, zinc oxide (ZnO) titanium dioxide (TiO2), ferric oxide
(Fe2O3), bismuth oxide (Bi2O3), and many others have been widely used in photocatalytic candidates,
owing to its high activity due to their effective degradation efficiency of many pollutants [4–7]. Among
these, ZnO and TiO2 are widely used for photocatalytic degradation of many organic pollutants due to
their photochemical stability, nontoxic features and high oxidation power [8,9]. Nevertheless, the use of
ZnO nanomaterials as photocatalysts is impeded due to its major disadvantages, such as limited visible
light application and low quantum yields. Studies have discovered that the photocatalytic activity of
the photocatalysts can definitely be improved by modifying the photocatalyst materials, such as doping
with transition metals [10–13] and non-metals [13–17], while constituting composite photocatalysts
from different semiconductors [18,19] via photo response range extension and increased efficiency
in the electron-hole pair separation [20,21]. It is believed that nearly all composite semiconductors
had functioned with increasing photocatalytic activity, as compared to a single semiconductor [22,23].
In previous study on the modification of ZnO via heterojunction with mixed-phase semiconductors,
Ag2CO3/Ag2O exhibited better photocatalytic properties than the pristine ZnO. The Ag2CO3/Ag2O
heterostructure has found a relatively low band gap energy (about 2.3 eV), which offered the ability of
absorbing a broad solar spectrum, making this novel ZnO/Ag2CO3/Ag2O photocatalyst effectively
functional for photocatalytic application [24].

However, in most photocatalysis studies, the post-treatment for the removal of photocatalyst in
slurry form presents several drawbacks: (a) The complicated separation or filtration phases, (b) the
challenging use in continuous flow systems, and (c) the particles accumulation or loss, especially in high
concentrations [20]. Thus, the process becomes complicated, incompetent and costly [25]. Henceforth,
the introduction regarding to photocatalytic membrane in order to support the photocatalyst has
been one of outstanding technique to overcome the drawbacks. The photocatalytic membrane
basically consists of separation and degradation processes. This integration concept has allowed
the photocatalytic technology to take a front role for degrading the target pollutants from complex
molecules to simple and less hazardous molecules. Later, the membrane separation takes place as
the second role, where it allows simple and less hazardous molecules to pass through the membrane.
Undeniably, the photocatalyst can be regarded as the front role, owing to benefits of minimizing the
“membrane fouling” and retaining the membrane performances throughout the process [26,27]. It was
reported by Lee et al. [28] that the photocatalytic membrane is compromised of the N-TiO2 membranes,
creating multifunctional inorganic membranes which are capable of destroying the pollutants and
self-cleaning under solar irradiation. However, most of immobilized photocatalyst suffer ineffectively
within the membrane layer due to the immersion of photocatalyst in the opaque membrane layer.
As a result, the photocatalyst is unable to degrade effectively, owing to the limitation of contact with
light irradiation [29]. The ineffectiveness of the photocatalyst impregnated in membrane matrix is
reported to be four times lower compared to photocatalyst dispersion, thus, a lowered photocatalytic
performance of the membrane would be obtained [20,30].

To immobilize the photocatalyst on a suitable solid inert support with the desired morphological
structure, the electrospun nanofiber has been considered as the most promising candidate due to its
three-dimensional open structure, highly effective surface area, and flexibility in operation [31–33].
These electrospun nanofiber-based photocatalysts have the advantage of optional design nanostructures
(such as solid, porous, hollow, core-sheath, hierarchical fibers, etc.) due to flexible nanofibrous
structure with tunable diameters, which are easy to control and environmentally compatible [34].
Their applications in photocatalytic are expected in high photocatalytic property, attributed to its
advantages of higher surface area/volume ratio [35], compared by incorporating the photocatalyst
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nanoparticles into the membrane. In addition, the photocatalytic membrane ensures the photocatalyst
recyclability, as their fibrous structure facilitates the difficulty of powder photocatalysts’ separation
from reaction mixture as previously mentioned. Therefore, fabrication of a nanofiber structure would
be an effective solution to the problem of catalyst recovery [36]. Kareem et al. [37] recently reported
that a visible light driven CNTs/ZnO-NH2 nanocomposite incorporated in polyacrylonitrile (PAN)
nanofiber managed to degrade methylene blue and indigo carmine in a short duration of 29 and
115 min, respectively. The immobilization of GO-ZnO nanocomposite into PAN electrospun by
Abdel-Mottaleb et al. [38] also exhibited an outstanding photocatalytic property toward methylene blue
dye degradation under visible light irradiation. Similarly, the incorporation of Ag-AgBr@Bi20TiO32

as core shell over PAN nanofiber electrospun for herbicide isoproturon degradation offered great
photocatalytic activity and recyclability under visible light irradiation [39].

Furthermore, an ideal substrate material for photocatalyst immobilization must be stable to avoid
catalyst leaching, remain steady against ROS, and act selectively toward desired contaminants [40].
Numerous materials have been studied as photocatalyst supports, such as ceramic, polymers, silica,
activated carbon, and alumina [41–45]. Fluoro-polymers, for instance, polyvinylidene fluoride (PVDF),
is one of promising substrates, offering high chemical and mechanical permanency attributed to
durable C−F bonds [46]. Titanium dioxide embedded PVDF nanofibers are prepared for the effective
photo-oxidation of methylene blue pollution [47]. Homo assembled Ag nanoparticles on PVDF nanofibers
reported a boosted photocatalytic activity of methyl orange pollutant [48]. Also, high dichlorination and
photodegradation of pesticide has been studied on Ag/PAN/-g-PAA-Fe-Pd nanofiber hetero-architecture,
which was prepared using PVDF/PAN nanofibers as supports and calcined for doping and grafting of C,
N, and Fe–Pd elements [49].

In this study, ZnO heterojunction with Ag-based photocatalyst nanoparticles was embedded in
hydrophobic PVDF nanofiber by electrospinning method. The hydrophobic nature of the composite
nanofiber has allowed the capability of the photocatalyst to degrade the pollutant with the irradiation
of light exposure to the nanoparticle. To the best of our knowledge, little or no documentation on the
fabrication of heterojunctioned ZnO/Ag2X (Ag2X refers to Ag2CO3, Ag2CO3/Ag2O, and Ag2O)-embedded
PVDF composite nanofiber for pollutant degradation is published. The pollutant degradation ability of the
composite nanofiber was investigated by determining the color reduction of a model pollutant (Reactive
Red 120-RR120). The phase composition, morphological structures, optical absorption, and specific
surface areas were among the physicochemical properties of the prepared electrospun nanofiber that
was studied. Based on the physicochemical properties and photocatalytic evaluation, the composite
nanofiber in this research can be used as an effective candidate for pollutant degradation under UV light
and can permit the recyclability of the photocatalytic composite.

2. Results and Discussion

2.1. Characterization of Electrospun Nanofiber

2.1.1. XRD Analysis

Figure 1 displays the X-ray diffraction (XRD) patterns, showing the crystallographic structure
and phase purity of the as-fabricated samples. From Figure 1f, it is apparent that the prepared
ZnO/Ag2CO3/Ag2O photocatalysts displayed the coexistence of the ZnO, Ag2CO3, and Ag2O phases.
The major peaks at 2θ = (31.75◦, 34.44◦, 36.25◦, 47.54◦, 56.56◦, 62.87◦, 67.92◦, and 69.06◦) were assigned
to the diffractions of the (100), (002), (101), (102), (110), (103), (112), and (201) characteristic peaks with
hexagonal structure of ZnO, as indexed in JCPDS no. 05 0664 [50]. The other series of diffraction
peaks at 18.54◦ and 20.54◦ corresponded to the (020) and (110) planes of monoclinic phase Ag2CO3

(JCPDS 26-0339) [51]. In addition, the diffraction peaks at 32.79◦ and 38.07◦ could be indexed to the
(111) and (011) planes of cubical Ag2O phase (JCPDS41-1104) [52]. As shown in Figure 1a, the pristine
PVDF nanofiber demonstrated only one broad diffraction peak between 15◦ and 25◦, representing
its amorphous form. For the embedded photocatalyst electrospun in Figure 1b–e, the prepared
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sample showed the diffraction peaks in accordance with the impregnated photocatalyst. As shown
in Figure 1b, the incorporation of ZnO in PVDF nanofibers is indicated by the diffraction peaks
that are perfectly indexed to ZnO. As observed in Figure 1c, the diffraction peak of ZnO/Ag2CO3

incorporated in the PVDF polymer nanofiber are well-indexed, indicating the presence of ZnO and
Ag2CO3. However, there was an additional peak present at 33.67◦, ascribing to the reflections of
(−130) planes of the Ag2CO3. These inexistence of (−130) plane was due to the synthetization route
of ZnO/Ag2CO3/Ag2O (Figure 1f) that undergoes a low temperature calcination process, causing
the Ag2CO3 to be thermally unstable. The Ag2CO3 phase had partially decomposed into Ag2O
during the calcination process. Therefore, the phase crystallinity of Ag2CO3 in Figure 1d,e was
reduced in accordance to the phase transformation of Ag2CO3 into Ag2O, forming heterojunction
with Ag2CO3/Ag2O mixed phase over the ZnO photocatalyst [53]. This would result in an improved
electron-hole separation via the smooth charge transfer process, compared to the ZnO/Ag2CO3 and
ZnO/Ag2O. Moreover, Figure 1d demonstrated that the diffraction peaks of Ag2CO3, Ag2O, and ZnO
are well-incorporated into the PVDF electrospun nanofiber matrix. As observed in Figure 1e, ZnO and
Ag2O phases were clearly observed. The invisible Ag2CO3 phase in Figure 1e showed that the Ag2CO3

has completed transformed into the Ag2O phase.

Catalysts 2019, 9, x FOR PEER REVIEW 4 of 18 

 

in the PVDF polymer nanofiber are well-indexed, indicating the presence of ZnO and Ag2CO3. 

However, there was an additional peak present at 33.67°, ascribing to the reflections of (−130) planes 

of the Ag2CO3. These inexistence of (−130) plane was due to the synthetization route of 

ZnO/Ag2CO3/Ag2O (Figure 1f) that undergoes a low temperature calcination process, causing the 

Ag2CO3 to be thermally unstable. The Ag2CO3 phase had partially decomposed into Ag2O during the 

calcination process. Therefore, the phase crystallinity of Ag2CO3 in Figure 1d,e was reduced in 

accordance to the phase transformation of Ag2CO3 into Ag2O, forming heterojunction with 

Ag2CO3/Ag2O mixed phase over the ZnO photocatalyst [53]. This would result in an improved 

electron-hole separation via the smooth charge transfer process, compared to the ZnO/Ag2CO3 and 

ZnO/Ag2O. Moreover, Figure 1d demonstrated that the diffraction peaks of Ag2CO3, Ag2O, and ZnO 

are well-incorporated into the PVDF electrospun nanofiber matrix. As observed in Figure 1e, ZnO 

and Ag2O phases were clearly observed. The invisible Ag2CO3 phase in Figure 1e showed that the 

Ag2CO3 has completed transformed into the Ag2O phase. 

 

Figure 1. X-ray diffraction (XRD) spectra of (a) P0: PVDF; (b) P1: PVDF-ZnO, (c) P2: 

PVDF-ZnO/Ag2CO3; (d) P3: PVDF-ZnO/Ag2CO3/Ag2O; (e) P4: PVDF-ZnO/Ag2O; and (f) 

ZnO/Ag2CO3/Ag2O photocatalyst. 

2.1.2. Morphological Structure Analysis 

The morphological structure and corresponding histograms of the electrospun nanofiber 

diameter distribution exhibited tremendous difference, compared to the pristine PVDF electrospun 

nanofiber (refer to Figure 2). It can be clearly seen that the diameter of the prepared electrospun 

nanofibers were in the range of 500—800 nm. As shown in Figure 2a, the surface of the pristine PVDF 

electrospun nanofibers is relatively smooth and uniform in diameter, indicating that the parameters 

used in the electrospinning process were appropriate. Figure 2b–e revealed that the immobilized 

photocatalyst resulted in the rough surface of the nanofibers. It displayed the existence of ZnO 

nanorods structure interposed inside the produced nanofiber structures. The results also indicated 

that the diameter of the nanofibers increased, as the ZnO and ZnO heterojunctioned photocatalyst 

was embedded. This is due to the effect of the dope solution viscosity. The dope viscosity could be 

altered by increasing the polymer concentration or by inclusion of insoluble filler (ZnO or ZnO 

heterojunctioned) [40,54]. Overall, all of the as-spun nanofibers generated the construction of an open 

three-dimensional (3D) network, which offers a high surface area and flexible surface functionalities 

that can promote good contact with the organic pollutants for photocatalytic activity. 

Figure 1. X-ray diffraction (XRD) spectra of (a) P0: PVDF; (b) P1: PVDF-ZnO, (c) P2: PVDF-ZnO/Ag2CO3;
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2.1.2. Morphological Structure Analysis

The morphological structure and corresponding histograms of the electrospun nanofiber diameter
distribution exhibited tremendous difference, compared to the pristine PVDF electrospun nanofiber
(refer to Figure 2). It can be clearly seen that the diameter of the prepared electrospun nanofibers were
in the range of 500—800 nm. As shown in Figure 2a, the surface of the pristine PVDF electrospun
nanofibers is relatively smooth and uniform in diameter, indicating that the parameters used in the
electrospinning process were appropriate. Figure 2b–e revealed that the immobilized photocatalyst
resulted in the rough surface of the nanofibers. It displayed the existence of ZnO nanorods structure
interposed inside the produced nanofiber structures. The results also indicated that the diameter of
the nanofibers increased, as the ZnO and ZnO heterojunctioned photocatalyst was embedded. This is
due to the effect of the dope solution viscosity. The dope viscosity could be altered by increasing
the polymer concentration or by inclusion of insoluble filler (ZnO or ZnO heterojunctioned) [40,54].
Overall, all of the as-spun nanofibers generated the construction of an open three-dimensional (3D)
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network, which offers a high surface area and flexible surface functionalities that can promote good
contact with the organic pollutants for photocatalytic activity.

The distribution of the photocatalyst on the electrospun fibers in PVDF-ZnO/Ag2CO3/Ag2O
nanofiber was further studied by TEM images (Figure 3). The granule and dark shade on the TEM
images indicated the presence of ZnO/Ag2CO3/Ag2O particles, while the light shade bound the
photocatalyst particles is the PVDF fiber. From Figure 3, the ZnO/Ag2CO3/Ag2O particles were
found homogenously distributed in PVDF nanofiber. The TEM image displayed a curved layer at
the edges of ZnO/Ag2CO3/Ag2O particles, revealing that the photocatalyst was enclosed with a layer
of PVDF polymer. The selected area electron diffraction (SAED) pattern (the inset in the lower left)
of nanofiber composite displayed multiple bright spots rings, indicating the crystalline structure of
ZnO/Ag2CO3/Ag2O nanocomposite was persevered after incorporated in PVDF fiber.

The surface morphologies of the electrospun nanofibers were further evaluated by AFM, as shown
in Figure 4a-2–e-2. It is revealed that the surface roughness of the PVDF electrospun nanofiber
impregnated with photocatalysts was considerably higher than that of the pristine PVDF electrospun
nanofiber. Based on the contact angle result, the PVDF-ZnO nanofiber displayed the highest value of
118.75◦ in Figure 4b-1. The incorporation of ZnO nanorod particles interposed inside PVDF nanofibers
led to the hydrophobization of the nanofibers, which induced the rougher surfaces [40], as presented
in Figure 4b-2. In fact, the AFM results of PVDF-ZnO displayed the roughest average surfaces toward
others. Thus, this situation led to a higher physical repulsion toward water droplets that generate
hydrophobic properties [55–57]. However, the hydrophobicity of the PVDF nanofiber decreased
as the ZnO heterojunction with Ag-based photocatalyst was introduced. The AFM result depicts
the value of surface roughness that decreased from 0.70 to 0.35 µm. A similar trend found that the
wettability behavior of the fabricated electrospun nanofiber showed a reduced contact angle, as shown
in Figure 4c-1–e-1. This is due to the presence of beads-on-string morphology, reducing the surface
roughness of the nanofiber, hence developing electrospun nanofiber with lower physical repulsion
toward the water droplets, thus having lower hydrophobization.
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Figure 2. SEM images and the corresponding histograms of the electrospun nanofiber diameter
distribution (a) P0: PVDF; (b) P1: PVDF-ZnO, (c) P2: PVDF-ZnO/Ag2CO3; (d) P3: PVDF-ZnO/Ag2CO3/

Ag2O; (e) P4: PVDF-ZnO/Ag2O.
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((a) P0: PVDF; (b) P1: PVDF-ZnO, (c) P2: PVDF-ZnO/Ag2CO3; (d) P3: PVDF-ZnO/Ag2CO3/Ag2O;
(e) P4: PVDF-ZnO/Ag2O).

2.1.3. Surface Area and Pore Size Distribution

The nitrogen sorption porosimetry measurements were utilized to acquire information on the specific
surface area and pore properties of the prepared PVDF electrospun nanofibers. Table 1 summarizes the
specific surface area, pore volume, and average pore size of all the prepared PVDF nanofibers. To attain
a photocatalyst with optimized photocatalytic performance, greater specific surface areas and larger
pore volumes are necessary. The physical features proposed a great number of surface-active sites that
support a high absorption rate and displace the reactant molecule through the interconnected porous
framework. When the photocatalyst was embedded, the BET specific surface area was shown to have
increased. This conclusion could be regarded by the mutual competition between the nanofiber surface
roughness (Figure 4) and the thickening of the nanofiber diameter (Figure 2).

The IUPAC classification can be used to analyze the types of nitrogen adsorption-desorption
isotherms [58]. As shown in Figure 5, the shapes of nitrogen adsorption-desorption isotherms of
samples P0 were depicted as Type III. Meanwhile, P1, P2, P3, and P4 demonstrated a Type IV curve
with a H3-type hysteresis loop and with mesoporous materials characterization [59]. Other than
that, the abrupt increment in the N2 uptake at high relative pressures (P/P0 > 0.9) described the
presence of macropores [60]. The outcome established that the embedded heterojunction photocatalyst
displayed the hierarchical macro- and mesoporous structure. Figure 5a–e shows the corresponding
BJH pore size distribution curves. It was found that the pore size of the pristine PVDF nanofiber
fell less than 200 nm, while the pore size of the PVDF nanofiber incorporated with photocatalyst
increased up to 500 nm. This indicated that the mesopores and macropores were observed in the
PVDF-ZnO composite nanofibers. The enhanced BET surface area and hierarchical pore architecture of
the PVDF-ZnO composite nanofibers have facilitated the surface absorption of reactants and mass
transfer of degradation products.
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Table 1. The surface area and pore properties of the electrospun nanofibers.

Samples BET Surface Area (m2g−1) Average Pore Size (nm) Pore Volume (×10−2 cm3g−1)

P0 3.75 23.97 2.94
P1 4.12 22.47 2.31
P2 6.61 13.86 2.29
P3 6.50 11.26 1.83
P4 6.22 18.91 2.80

2.1.4. FTIR Analysis

The incorporation of ZnO in PVDF nanofiber can be further proven by Fourier transform
infrared (FTIR) spectroscopy analysis. Figure 6 illustrates the FTIR spectra of PVDF, PVDF-ZnO,
PVDF-ZnO/Ag2CO3, PVDF-ZnO/Ag2CO3/Ag2O, and PVDF-ZnO/Ag2O nanofibers. The results
indicated that the PVDF spectra follows similar trends, as reported in a previous study [61]. The main
peaks of ZnO, Ag2CO3, and Ag2O appeared, suggesting that the structural integrity of ZnO/Ag2CO3,
ZnO/Ag2O, or ZnO/Ag2CO3/Ag2O persist, abounding even when incorporated in PVDF nanofiber.
It could distinguished that a broad band, located in the range of 3000 to 3700, was ascribed to the
stretching vibration of –OH group in ZnO [62]. Furthermore, as compared to PVDF-ZnO, it was
observed that O-H stretching absorption peaks shifted from the high to low absorption peaks in
PVDF-ZnO/Ag2CO3 and PVDF-ZnO/Ag2O. This might be due to the strong interaction between the
hydroxyl group of ZnO particles either with hydrogen bond interaction of CO3

2− or Ag-O bonds in
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Ag2CO3 and Ag2O, respectively [63]. Besides, all of the embedded heterojunctioned photocatalysts in
nanofiber show characteristic features of CO3

2− and Ag-O stretching vibration modes with absorption
bands around 1630–1650 cm−1 [64,65]. Meanwhile, the broad peaks from 1500 to 700 cm−1 prove
that the mixture of Ag2CO3 and Ag2O was formed in the PVDF-ZnO/Ag2CO3/Ag2O nanofiber [66].
Overall, the main absorption peaks of Ag2CO3, Ag2O and ZnO were all observed, indicating a strong
interaction of photocatalyst impregnated in PVDF nanofiber.
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2.1.5. Optical Properties

Optical properties were determined by characterizing the response of electrospun nanofibers
towards electromagnetic radiant energy, including visible and ultraviolet (UV) light. The optical
properties of all of the prepared nanofibers were analyzed using UV–Vis spectroscopy, as shown in
Figure 7a. It was observed that the pristine PVDF electrospun fiber mats showed very weak absorption
across the wavelength, hence the band gap energy of pristine PVDF could not be presented. Meanwhile,
all the embedded heterojunctioned photocatalysts in the PVDF nanofibers demonstrated an excellent
optical response toward UV and visible light irradiation.

In comparison to the PVDF-ZnO nanofiber, the absorption edge shifted toward visible light range
in the UV–Vis light spectrum, thus revealing the capability of the ZnO heterojunctioned photocatalyst
in the PVDF electrospun nanofiber performed in visible light irradiation. A similar observation by
Kočí et al., [67] found the heterojunctioned photocatalyst shifted the absorption edge toward higher
wavelength, that is, toward the visible region. These shifted absorption edges signified that the
heterojunctioned photocatalyts could efficiently extend absorption of nanocomposities to the visible
region, hence increasing the photocatalytic capability in the visible light region.

The influence of electronic properties of all of the prepared samples toward the photocatalytic
activity was determined by measuring the energy gaps between the valence and conduction band.
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The band gap energy of the prepared electrospun nanofiber was estimated using Tauc plot relation by
the following equation:

(αhv) = A
(
hv − Eg

)n/2
(1)

where α, A, Eg, hν, and n represent the absorption coefficient, constant, band gap, photon energy,
and an integer, respectively, while the value of integer n depends on the characteristic of optical
transition (n = 1 or 4 for direct or indirect band transition, respectively). The band gap energies
of the electropsun nanofibers are illustrated in Figure 7b. The (αhv)2 versus the energy absorbed
light was plotted, where both zinc and silver are indirect transition semiconductors [68]. According
to the result, the obtained band gap values of PVDF-ZnO, PVDF-ZnO/Ag2CO3, PVDF-ZnO/Ag2O,
and PVDF-ZnO/Ag2CO3/Ag2O were found to be about 3.2, 3.13, 3.08, and 2.95 eV, respectively. Hence,
these results proved that PVDF electrospun nanofibers embedded with photocatalysts were capable of
undergoing the photocatalytic reaction.
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2.2. Evaluation of Photocatalytic Activity

Photocatalytic activities of the prepared electrospun nanofibers were tested out for the degradation
of organic pollutant under UV light irradiation by using the reactive red 12 (RR120) as a model
pollutant. The change in optical absorption spectra of RR120 by the electrospun nanofiber under
UV light irradiation as a function of time is shown in Figure 8a. It was found that the adsorption of
RR120 had increased, as the photocatalyst was incorporated into the PVDF nanofibers. After 90 min
of adsorption, the PVDF-ZnO/Ag2CO3 showed the highest RR120 adsorption at 6.76%, compared to
PVDF-ZnO, PVDF-ZnO/Ag2CO3/Ag2O, and PVDF-ZnO/Ag2O at 4.62%, 4.33%, and 5.19%, respectively.
The difference in RR120 adsorption is due to the difference in their surface properties (e.g., surface
area and surface roughness) [69,70]. Based on the analysis, BET surface area and surface roughness of
PVDF embedded with ZnO heterojunctioned photocatalyst are higher compared to the pristine PVDF
and PVDF-ZnO nanofiber. The higher BET surface area and surface roughness would contribute to
higher percentage of adsorption, hence increasing the chances for UV to reach and come into contact
with the photocatalyst through its highly porous interconnected nanofiber media. The photolysis
of the RR120 solution without the addition of electrospun nanofiber was carried out as a controlled
experiment. As shown in Figure 8a, there was a slight prominent change for the RR120 solution after
UV light irradiation for 300 min, in which the RR120 can be categorized as having good photostability
and potential resistance under the UV light irradiation [71]. The photocatalytic activity using pristine
PVDF nanofiber without the presence of photocatalyst was also performed for comparison purposes.
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As portrayed in Figure 8a, the pristine PVDF nanofiber exhibited an approximately 10.43% adsorption
of RR120 after 300 min of UV light irradiation.

After the addition of ZnO, the photodegradation of RR120 was found to have increased up to
28.14%. Meanwhile, in the impregnation of ZnO/Ag2CO3 heterojunctioned into the PVDF nanofiber, the
photocatalytic activity of the samples increased, as compared to the PVDF-ZnO nanofiber. The highest
photocatalytic activity was obtained by PVDF-ZnO/Ag2CO3/Ag2O with 99.62% degradation after 300 min
of reaction, followed by PVDF-ZnO/Ag2O and PVDF-ZnO/Ag2CO3 of 96.34% and 90.49%, respectively.
The lowest photocatalytic activity was obtained for PVDF-ZnO/Ag2O. This is possibly due to the
smaller band gap possessed by the Ag2O. Hence, the potential recombination of electron-hole pair
could exist, which would indirectly lower the production of hydroxyl radical, as well as photocatalytic
reaction. The change in the absorption spectrum of RR120 with PVDF-ZnO/Ag2CO3/Ag2O electrospun at
different time intervals is presented in Figure 8b. As the reaction time increased, all the peaks decreased
gradually, and the spectrum scanning model distorted apparently after 300 min. The magnitude of the
absorption peak at 533 nm slowly declined, indicating the reduction of RR120 concentration. According
to Panakoulias et al. [72], the visible band at 533 nm owed to the RR120 nitro groups breakdown
(discoloration of the solution) (Figure 8b inset), while it progressed with the cleavage of the aromatic
ring at absorption bands 265 and 330 nm. The elimination of absorbance at 330 and 265 nm caused it
to continue producing aliphatic intermediates that would be mineralized to carbon dioxide. A similar
observation has also been made by Balachandran et al. [73], where a similar pattern of the absorption
peak reduction without the appearance of new absorption peaks during the degradation process revealed
the intermediates do not absorb at the analytical wavelengths of 285 and 533 nm.

The Langmuir-Hinshelwood model was extensively applied for the analysis of photocatalytic
degradation kinetics of pollutant in aqueous phase, as follows [74]:

ln (Ct/C0) = −kt (2)

where, C0 and Ct refer to the concentrations of pollutant (mgL−1) at the respective irradiation time
0 and t min, while k is the apparent rate (min−1). The pseudo-first-order kinetic model refers to the
photocatalytic activity of RR120 in aqueous solution by the prepared electrospun nanofiber, in which
Figure 8c shows the equal value of rate constant k to the corresponding slope of the fitting line.
Figure 8d exhibits the reaction rate constant of all of the prepared nanofibers.

The pristine PVDF electrospun nanofiber showed that the relatively low reaction rate was obtained
for nanofiber without photocatalyst. The main reason for the reduction of RR120 concentration is mainly
due to the adsorption process. However, when ZnO, ZnO/Ag2CO3, ZnO/Ag2CO3/Ag2O, and ZnO/Ag2O
were embedded in the PVDF electrospun nanofiber, a higher reduction of RR120 concentration was
observed. This is because two processes were involved: The adsorption and photocatalysis processes.
The photocatalyst provided the surface that was responsible for the photocatalysis process. Overall,
PVDF nanofiber incorporated with the heterojunctioned ZnO composite photocatalyst significantly
increased the photocatalytic activity. The PVDF-ZnO/Ag2CO3/Ag2O exhibited the highest reaction
rate constant of 118 × 10−4 min−1, which was about 1.26, 1.42, and 5.57 times higher than those of
PVDF-ZnO/Ag2O, PVDF-ZnO/Ag2CO3, and PVDF-ZnO, respectively.

The competency of the as-spun photocatalytic nanofibers is essentially accomplished through the
synergetic combination of a highly porous structure and a high surface area generated by the nanofiber
microstructure, which accurately aids in the adsorption migration-photodegradation process [75].
The RR120 is likely to be adsorbed by the PVDF nanofibers because of the lower hydrophobization
took place via the PVDF-ZnO nanofiber while shifting to the photocatalyst nanoparticles, and finally
degraded under the UV irradiation [47].

Figure 8e shows the recyclability test, demonstrating that the PVDF-ZnO/Ag2CO3/Ag2O nanofiber
indicated a comparable degradation performance for the five consecutive cycles. It was suggested that
the PVDF-ZnO/Ag2CO3/Ag2O was relatively stable after multiple cycles, even though there was a
slight decline in the photodegradation rate for RR120. This proposes a robust physical interlocking of
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photocatalyst in the PVDF nanofiber matrix [76]. In fact, no leaching of photocatalyst was observed
during the experiment. The remarkable recyclability of PVDF-ZnO/Ag2CO3/Ag2O electrospun
nanofiber proved their potential for practical applications in a large scale.Catalysts 2019, 9, x FOR PEER REVIEW 11 of 18 
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under UV light irradiation for several cycles.

Based on the above results, a proposed mechanism was discussed toward the development of
the photocatalytic properties of the PVDF-ZnO/Ag2CO3/Ag2O composite nanofiber. In the present
work, fibers with an average diameter of 645 ± 0.48 nm loaded with ZnO/Ag2CO3/Ag2O photocatalyst
nanoparticles create groups of higher fiber diameter (Figure 2), hence offering a much higher specific
surface area with a larger interaction of the dye and the inorganic filler, suggesting a faster degradation
mechanism. However, due to the hydrophobic nature of PVDF polymer (Figure 4), the degradation of
pink dye was only possible due to the interaction of the ZnO/Ag2CO3/Ag2O photocatalyst with the dye.
In this sense, the enhanced photocatalytic degradation is primarily due to the synergetic combination
of porous structure and higher surface area formed by the fiber microstructure, which competently
allowed the adsorption migration-photodegradation process as aforementioned during degradation
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of RR120. In this way, the RR120 is possibly adsorbed by the polymer fibers, then migrated to the
ZnO/Ag2CO3/Ag2O nanoparticles, and finally degraded by ZnO/Ag2CO3/Ag2O under UV radiation.

On the mechanism of ZnO/Ag2CO3/Ag2O surfaces, the heterojunctioned of Ag2CO3/Ag2O mixed
phase were believed to exhibit cooperative effects between Ag2CO3, Ag2O, and ZnO. Under UV
irradiation, the ZnO, Ag2CO3, and Ag2O absorbed the photon energy produced the excite electron in
from VB to CB, leaving the positive holes at VB. Since the position of the Ag2CO3 CB is less negative
than ZnO and Ag2O, the photogenerated electron produced by ZnO and Ag2O should be transferred
to Ag2CO3, while the photogenerated positive holes were left in VB migrated to Ag2O. The positive
holes accumulated in the surface of Ag2O were eventually trapped by surface hydroxyl groups (or
H2O) to harvest OH· radicals. Dissolved oxygen molecules react to the electrons (e−) at Ag2CO3

surfaces to produce superoxide anion radicals, while O2
− yields the hydroperoxyl, HO2·radicals, and

directly generated hydroxyl radical OH. These super oxide radicals, O2
− and OH, were very energetic

radicals to phenyl or naphthyl rings of the aromatic compounds containing in RR120 [77,78]. Thus,
the mechanism for the photocatalytic degradation of RR120 in the experiment was proposed as follows:

ZnO/Ag2CO3/Ag2O + hv → e−
(
Ag2CO3

)
+ h+

(
Ag2O

)
e− + O2 → O−2

h+ + OH− → OH

O−2 + H2O → HO2 + OH−

HO2 + H2O → H2O2 + OH

H2O2 → 2·OH

OH + RR120 → CO2 + H2O

The overall separation and transfer of photogenerated electron-holes pairs in ZnO/Ag2CO3/Ag2O
across the PVDF nanofiber and photodegradation of RR120 under UV light irradiation is schematically
presented in Figure 9.
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3. Materials and Methods

3.1. Material

The zinc acetate dihydrate (C4H6O4Zn·2H2O) supplied from GmbH company (Haan, Germany)
was used as a zinc precursor. Silver nitrate (AgNO3) and sodium bicarbonate (NaHCO3) were
purchased from Sigma Aldrich (St. Louis, MI, USA) and Bendosen (Bendosen, Norway), respectively.
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Polyvinylidene fluoride (PVDF, MW = 7400) and N, N-dimethylacetamide (DMAc) was produced from
Merck (Kenilworth, NJ, USA), while acetone (>99.6% purity, HPLC grade) was obtained from QReC
(Chonburi, Thailand), and the Reactive Red 120 (RR120) was purchased from Sigma Aldrich (St. Louis,
MI, USA). All of the chemicals and reagents were analytical reagent grade and no purification step
was performed.

3.2. Preparation of the Electrospun Nanofiber

The photocatalyst was synthesized according to our previous study [24]. First, 1.95 g of PVDF
pellets was added into 13 mL of DMAc solution prepared with acetone at the mass ratio of 2:3 and
stirred at 60 ◦C until the polymer was dissolved. After that, 0.65 g of ZnO was added into the dope
solution and stirred continuously at room temperature until a homogenous solution was obtained.
The dope solution was then used in the fabrication of electrospun nanofiber via electrospinning,
as shown in Figure 10. Seven milliliters of the dope solution was placed in a 10 mL syringe, equipped
with a blunt metal needle. The electrospun was at a spinning rate of 1 mL/h, with a voltage of 8 kV
applied between the spinneret and rotating drum placed 150 mm apart. Meanwhile, the collector of
the rotating drum was set to 170 rpm. The flat sheet of the fabricated nanofibers was then allowed
to dry at room temperature for the hydrolysis step before it was further characterized and tested.
The same procedures were repeated for different photocatalysts of ZnO/Ag2CO3, ZnO/Ag2CO3/Ag2O,
and ZnO/Ag2O. The resultant samples were denoted, as depicted in Table 2.
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Table 2. Fabricated electrospun nanofiber.

Electrospun Nanofiber Sample

PVDF P0
PVDF-ZnO P1

PVDF-ZnO/Ag2CO3 P2
PVDF-ZnO/Ag2CO3/Ag2O P3

PVDF-ZnO/Ag2O P4

3.3. Characterization

The phase compositions of the prepared electrospun nanofiber derived from PVDF embedded
with heterojunctioned ZnO were analyzed using the Rint 2200 Ultima-III X-ray Diffractometer (Rigaku,
Corp., Tokyo, Japan). The morphological structure of the electrospun nanofibers was observed by
scanning electron microscope (SEM, TM-1000, HITACHI, Tokyo, Japan) operated at 5 kV. The surface
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roughness of the electrospun nanofiber was further measured using the atomic force microscopy
(AFM, PARK XE-100, Schaefer Technologie GmbH, Langen, Germany). The surface wettabilities of
the electrospun nanofiber were determined by contact angle measurements with an optical contact
angle machine (OCA 40 Micro, Dataphysics, Filderstadt, Germany). Nitrogen adsorption/desorption
measurement was carried out at a low temperature (77.38 K) and a relative pressure range of P/P0 = 0.02
to 1 to determine the BET surface area and pore size distribution (using Barrett Joyner Halenda (BJH)
equation). Prior to the measurement, the electrospun nanofibers were degassed at 373 K for 3 h in
the degas port of the adsorption analyzer. Fourier transform infrared spectroscopy (FTIR: Spectrum
100, PerkinElmer, Waltham, MA, USA) was used to observe the presence of photocatalyst in the PVDF
electrospun nanofiber matrix. The optical properties of the electrospun nanofibers were analyzed
by UV–Vis-NIR spectrophotometer (UV-3600 Plus Shidmadzu, Japan) in the range of 200 to 800 nm.
The collected spectra were converted into Kubelka-Munk function to measure the band gap of the
prepared PVDF-ZnO/Ag2X electrospun nanofiber.

3.4. Photocatalytic Activity Measurement

The photocatalytic activity of the prepared electrospun nanofiber containing PVDF embedded with
the heterojunctioned ZnO was performed under UV light irradiation using RR120 as a model pollutant.
A 30 W lamp (312 nm) was used as a UV light source. The prepared electrospun nanofiber were cut
into spherical shape (diameter of 8 cm, weight of 0.1 g) and immersed in 100 mL of RR120 solution.
The photocatalytic experiment was first evaluated in the dark to observe the adsorption/desorption
equilibrium of RR120 on the prepared nanofibers. During the photocatalytic tests, fixed amounts of the
reacted solution were taken out at given time intervals. The final concentration of the RR120 solution
was measured by collecting its absorbance at a wavelength of 533 nm with a UV–Vis spectrophotometer
(Lambda 25, Perkin Elmer, Waltham, MA, USA). The degradation percentages of RR120 in the aqueous
solution was calculated as follows: Degradation (%) = (C0 − Ct)/C0 100%; where C0 is the initial
concentration at time t = 0, and Ct is the concentration time interval. The used electrospun nanofiber
was collected and dried overnight at 60 ◦C in an oven. For the recyclability study, all of the electrospun
nanofibers were reused under similar photocatalytic conditions for five cycles. The experiment was
conducted at room temperature and in a neutral pH.

4. Conclusions

In summary, a series of PVDF electrospun nanofiber embedded with ZnO heterojunction
photocatalysts with different Ag-based compounds were successfully fabricated via a facile
electrospinning process. The higher dye removal efficiency of the composite electrospun nanofiber
was mainly due to a novel synergistic effect of adsorption and photocatalytic degradation in the
presence of heterojunctioned catalyst, which was ZnO/Ag2CO3, ZnO/Ag2CO3/Ag2O, and ZnO/Ag2O.
The heterojunctioned catalyst embedded into the PVDF electrospun possessed lower hydrophobization
and higher surface roughness, which facilitated the dye molecule adsorption adjacent to their
photocatalytic surface sites. The embedding of ZnO/Ag2CO3/Ag2O into PVDF nanofiber led to a
fast degradation of dye molecule among the electrospun nanocomposites under UV light irradiation,
which was mainly attributed to the heterojunction between the ZnO and Ag2CO3/Ag2O mixed phase,
narrowing the band gap. Hence, this effectively facilitated the charge transfer and suppressed the
recombination of photogenerated electrons and holes for high photodegradation activity. Furthermore,
the PVDF-ZnO/Ag2CO3/Ag2O electrospun nanofiber had maintained a relatively high photocatalytic
activity after five cycles, which made them a promising candidate for a wide range of photocatalytic
applications. However, to move toward commercialization, drawbacks of lacking nanoscale selectivity,
mechanical weakness, and low wettability must be achieved.
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