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Abstract
We report on the immobilization of carbon nitride (CN) materials and β-Bi2O3 on electrospun polyvinyl acetate (PVAc) 
fiber substrates using a dispersion based dip coating process. The spinning process was optimized by variation of several 
parameters to finally obtain continuous droplet-free fibers at 15 kV and a flow rate of 50 µL  min−1 using a needle with 1.2 
mm diameter. The polymer substrates were coated with the β-Bi2O3 and CN materials, which were characterized using 
SEM and applied in the photocatalytic degradation of organic pollutants such as Rhodamine B (RhB), ethinyl estradiol 
(EE2) and triclosan using visible light irradiation. The pollutants were degraded with up to 50% of the initial concentra-
tion within 8 h. Different amounts of CN material were deposited to evaluate the photocatalytic activity per mass. Immo-
bilized CN materials were shown to be of higher activity (2.0 ×  10−10 mol  mg−1  min−1) than β-Bi2O3 (1.3 ×  10−10 mol  mg−1 
 min−1) and the mixture CN/β-Bi2O3 (1.6 ×  10−10 mol  mg−1  min−1). Reference samples with CN particles partially embedded 
in the polymer fleece showed minor degradaton rates (18% RhB degradation within 8 h) as compared to coated fiber 
substrates (47% RhB degradation within 8 h). Minor leaching of the carbon nitride material and no leaching of β-Bi2O3 
occurs as shown by NPOC (non purgeable organic carbon) and ICP-MS measurements.
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1 Introduction

In the last decades an increased usage of dyes, biocides 
and pharmaceuticals is recorded, and especially the use 
of antibiotics increased significantly. For example, in 
Brazil, Russia, India, China and South Africa an increase 
was accounted for 76% between 2000 and 2010 [1]. The 
use and careless disposal of these organic compounds 
causes environmental pollution and drinking water 

contamination worldwide. Around 150 different pharma-
ceutical substances were detected in sewage effluents and 
surface water to date [2]. Studies showed that the amount 
of these substances released into the environment is much 
higher than previously assumed [3–6]. It is important to 
note that due to their high persistence and bioaccumula-
tion pharmaceuticals, drugs and dyes, which are harmful 
to human and aquatic living beings, become increasingly 
part of the food chain [7, 8]. Dyes such as RhB, methyl 
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orange and orange G are used in the fabrication of dye 
textiles, paper, cosmetics and food. They are suspected 
for being carcinogenic and mutagenic and show ecotoxic 
properties. It is estimated that between 1% and 20% of the 
dyes used worldwide are released into the environment 
during the synthesis and dyeing processes [6, 9]. The dis-
infectant triclosan and the contraceptive agent EE2 were 
detected in urine samples of respondents in the USA and 
China. Triclosan is suspected to increase the risk of asthma, 
allergies and food intolerances and affects human fertil-
ity [10, 11]. In addition to further regulation for the use 
of these substances new solutions are needed to purify 
drinking water and remove these organic contaminations. 
Different strategies like the treatment of sewage effluents 
with ozone, UV light, hydrogen peroxide and combined 
processes are currently under investigation. Their potential 
is widely recognized, but the costs limit their application 
[5, 12–16]. Therefore, the photocatalytic process is also 
examined to degrade organic compounds.  TiO2 is a com-
monly used photocatalyst material [17–19] which requires 
UV-light for activation and which is under suspicion to 
be carcinogenic [20]. Visible-light active photocatalysts 
like CN materials and environmentally benign β-Bi2O3 
attracted increased attention in the last years [21–26]. 
They provide a suitable band gap for exposure with vis-
ible light, they are non-toxic and therefore particularly 
suitable for photocatalytic water purification of drinking 
water [16, 25, 27]. Due to the different band gap struc-
ture of β-Bi2O3 (CB +0.33 V, VB +3.17 V vs. NHE,  Eg = 2.3 eV) 
and CN materials (CB 1.13 V, VB 1.60 V vs. NHE,  Eg = 2.8 eV) 
[25, 28, 29] the usage of both photocatalyst materials in 
a combined application might increase the visible light 
response and therefore was expected to be beneficial for 
photocatalytic pollutant degradation processes. Reactors 
for waste water treatment using photocatalysts are already 
in operation and they make use of immobilized photo-
catalyst materials to avoid a costly separation step of the 
catalyst material from the cleaned water feed [6, 15, 25, 
30–32]. A strategy to immobilize photocatalysts is based 
on an electrospinning process. Electrospun fibers offer a 
range of advantages compared to traditional substrates 
composed of metal or glass, namely a higher surface area, 
flexibility and the potential application as filter medium 
[33–35]. The electrospinning process allows the forma-
tion of continuous fibers with a controlled diameter and 
orientation and provides access even to large area fleeces 
[34]. Electrospinning of fibers and their functionalization 
during or after the spinning process with a photocatalyst 
material have been described in the literature [33, 36–38]. 
For example, CN particles were spun together with a tita-
nium dioxide precursor from a PVAc solution into fibers. 
Subsequent drying and annealing decomposed the tita-
nium dioxide precursor which lead to the formation of  TiO2 

and CN fibers with lengths of several micrometers. How-
ever, the fleece-like structure collapsed as a result of the 
annealing process. For the photocatalytic investigations, 
the fiber pieces were dispersed in the organic dye solu-
tion and the degradation of RhB was investigated. Com-
posites of  TiO2 and CN materials on PVAc fibers were also 
investigated. The photocatalytic activity was studied as a 
function of different CN contents; a composite with 5 wt% 
CN exhibited the highest RhB degradation rate [39].  Bi2O3 
nanofibers were obtained by electrospinning of Bi(NO3)3 
and polyacrylonitrile in N,N-dimethyl formamide and ther-
mal treatment of the fibers. They were successfully used 
for the degradation of RhB [40]. It should be emphasized, 
however, that in most cases large-area substrates were 
not investigated, but only particulate fiber pieces [41–43]. 
Studies on coated fabrics and fleeces of larger dimensions 
(substrate sizes of several square centimeters) are rare. A 
representative example consists of larger fleeces result-
ing from electrospinning of polyvinylidene fluoride with 
a maximum loading of 2 wt% CN. For this purpose the CN 
particles were added to the polymer solution and embed-
ded in the polymer substrate [44, 45]. A fleece made of car-
bon fibers, which was subsequently coated with CN, was 
successfully used to degrade RhB and 4-chlorophenol. The 
fleece was functionalized via a dip-coating process using 
a CN precursor, which was decomposed to a CN material 
in a furnace at 550 °C [46].

Here we present a preparation method of PVAc 
fleeces, which were used as support for the photocata-
lysts CN and β-Bi2O3. Based on previous studies [25], the 
highly soluble bismuth-containing molecular precur-
sor  [Bi38O45(OMc)24(EtOH)13] [47] was used to synthesize 
β-Bi2O3 particles, which are deposited on the fiber sub-
strates by a dispersion based dip coating process. CN parti-
cles were obtained via a thermal decomposition of dicyan-
diamide according to a previous study [29] and deposited 
on the substrates. The degradation rates of RhB using 
either CN- or β-Bi2O3-coated fleeces, fleeces coated with a 
mixture composed of β-Bi2O3 and CN, and polymer fleeces 
with partially embedded CN particles are compared. CN 
coated polymer substrates showed the highest activity 
and were furthermore tested to degrade EE2 and triclosan.

2  Results and discussion

2.1  Optimization of spinning parameters of PVAc 
fibers

First, to obtain droplet-free aligned fibers spinning param-
eters such as the polymer solution flow rate and the speed 
of the rotary collector drum were optimized (Fig. 1). In 
order to produce uniform and aligned fibers, the use of a 
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rotating collector proved to be essential. The fiber quality 
increases with increasing rotation speed. With a flow rate 
of 100 µL  min−1 the shape of the polymer droplets changes 
from spheres to ellipsoids with increasing rotation speed 
until droplet-free fibers are formed at 700 rpm (Fig. 1a–d). 
A similar trend but even better results were observed for 
flow rates of 50 µL  min−1 (Fig. 1e–h). Further reduction 
of the volume flow to 30 µL  min−1 does not lead to an 
improvement of the fiber quality with increasing rotation 
speed. The reason is that the fiber is pulled out of the Tay-
lor cone too quickly, which is formed on the tip of the nee-
dle during spinning. This may cause the fibers to break and 
deposit irregularly on the collector (Fig. 1k, l). In general, 
lower flow rates should be used for electrospinning, as the 
fibers are stretched and faster drying is observed. Forma-
tion of droplets and agglomeration of the fibers into thick 
fiber strands is thus prevented [48, 49]. Further variation 
of the spinning parameters such as the applied voltage or 
the diameter of the used needle did not improve the fiber 
morphology.

For the full parameter set investigated, the most promis-
ing result was obtained using a rotation speed of 700 rpm, 
a flow rate of 50 µL  min−1, a voltage of 15 kV, a needle with 
1.2 mm diameter and a distance of 5 cm between collector 
and needle. Approximately equally thick polymer fibers 
were obtained. Fleeces produced with these parameters 

were used as support (substrate area 5.75  cm2) for CN and 
β-Bi2O3 particles, which were immobilized via a dip coat-
ing process.

2.2  Coating of PVAc fleeces with CN and β‑Bi2O3

The as-prepared fleeces are used as substrates for the pho-
tocatalyst material. The preparation process, the charac-
terization (SI 1; UV-vis spectra, PXRD, photoluminescence 
spectra, SEM) and the evaluation of the photocatalytic 
activity of the used CN [50] and β-Bi2O3 [26, 51] particles 
is described in the literature. To coat the fleeces with these 
catalyst materials, the electrospun fleeces are dipped into 
a solution of ethanol (EtOH) and water, which causes the 
polymer to swell. The higher the EtOH content, the more 
the fibers swell, which is essential for adhesive coating of 
the photocatalyst particles. Thus, different EtOH/water 
ratios (1 vol% to 10 vol% of EtOH/water) were used for 
the pretreatment of the fibers in order to obtain different 
loadings of the substrate. The fleeces are then immersed 
in the particle dispersion and coated by ultrasonication for 
30 s. Different masses of the photocatalysts were applied 
using this process. Substrates loaded with 1.7 mg β-Bi2O3 
(β-Bi2O3-ES) and 2.1 mg of a 1:1 mixture of β-Bi2O3 and 
CN (β-Bi2O3/CN-ES) are obtained. The applied CN catalyst 
masses are 1.0 mg (CN-ES1), 1.7 mg (CN-ES2) and 2.4 mg 

Fig. 1  Light microscope images (dark field mode, 2.5× magnification) of PVAc fibers obtained using different spinning parameters using a 
needle with 1.2 mm diameter at 15 kV, 5 cm distance between needle and collector
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(CN-ES3). The surface structures of the coated and blank 
substrates were examined by SEM showing that the fiber 
structure changes during coating in ethanolic aqueous 
solutions (Fig. 2, SI 2). With an increasing amount of EtOH 
in the coating solution and the associated increase in the 
mass of catalyst applied, the fibers swell increasingly and 
adhere together. A difference in morphology between CN 
coated fibers (Fig. 2b–d), β-Bi2O3 coated fibers (Fig. 2e) and 
β-Bi2O3/CN (Fig. 2f ) is detected. The CN particles cover 
larger areas of the substrate as a result of smaller size (SI 
1), which is beneficial for the photocatalytic performance.

For comparison, a polymer fleece with embedded CN 
particles was prepared (CN-IF). The implementation of 
CN particles in the fiber is an already described method 
in the literature to functionalize electrospun fibers with 
a photocatalyst [39]. The CN particles were added to the 
polymer solution, which was used in the electrospinning 
process. To prevent sedimentation of the CN particles 
in the polymer solution during the spinning process a 
maximal loading of 0.3 wt% CN was possible which is 
equivalent to a loading of 0.23 mg of the catalyst per 
substrate area of 5.75  cm2. Due to the viscosity change 
by adding CN particles into the polymer solution the 
rotation speed of the collector drum had to be adjusted 
to 1000 rpm. SEM images (Fig. 3a) show a dense fleece 

structure with aligned fibers. The CN catalyst particles 
are visible on the fiber surface as grains with approxi-
mate size of 10–50 μm and thus their size did not change 
upon electrospinning (SI 1). Light microscope images 
under polarized light show regularly distributed catalyst 
particles as bright spots within the fiber matrix (Fig. 3b).

The influence of the photocatalyst coating on the 
absorption of visible light is demonstrated on the basis 
of diffuse UV–vis spectra (Fig. 4). In comparison to the 
uncoated fiber substrate the substrate CN-IF shows only a 
slight change in the absorption band at 370 nm compared 
to the band at 275 nm. A significant change of this absorp-
tion band is given for CN-ES2, β-Bi2O3-ES and β-Bi2O3/
CN-ES caused by coating with the visible light photocata-
lyst. In addition samples containing β-Bi2O3 exhibit an 
additional broad absorption band in the region of 425 nm 

Fig. 2  SEM images (200 x 
magnification) of pure a and 
modified PVAc fibers; b CN-
ES1, c CN-ES2, d CN-ES3, 
e β-Bi2O3-ES and f β-Bi2O3/
CN-ES 

Fig. 3  a  SEM image of CN-IF, 200× magnification; b  light micro-
scope image of CN-IF (polarized light, 2.5× magnification)

Fig. 4  Diffuse UV–Vis reflectance spectra of CN-IF, a PVAc fiber sub-
strate, CN-ES2, β-Bi2O3/CN-ES and β-Bi2O3-ES 
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to 525 nm, which is in accordance to the UV–Vis spectrum 
of bulk β-Bi2O3 (SI 1).

2.3  Photocatalytic degradation of organic 
pollutants

The as prepared substrates were used for degrada-
tion experiments using RhB as model substance and 
CN materials (CN-IF, CN-ES1, CN-ES2, CN-ES3), β-Bi2O3 
(β-Bi2O3-ES) and CN/β-Bi2O3 (β-Bi2O3/CN-ES) as photo-
catalysts (Fig. 5a). CN-ES2 and β-Bi2O3-ES, which show a 
comparable amount of deposited catalyst (1.7 mg), differ 
significantly in their photocatalytic behavior. While CN-
ES2 degades 47% RhB within 8 h, β-Bi2O3-ES degrads 
only 31%, which demonstrates that the immobilized CN 
material shows higher photocatalytic activity compared to 
the immobilized β-Bi2O3. The better photocatalytic perfor-
mance of CN materials compared to β-Bi2O3 is also verified 
for degradation experiments with particle dispersions (SI 
3). The material combination of β-Bi2O3 and CN enhances 
the photocatalytic performance compared to pure β-Bi2O3 
with a degrdation rate of 45%, but does not exceed that 
of CN-ES2. For β-Bi2O3/CN-ES a larger amount of RhB as 
compared to all other substrates is adsorbed in the dark 
phase, but this does not enhance the overall degradation 
rate. Noteworthy, CN-ES2 (1.7 mg) and CN-ES3 (2.4 mg) 
show similar degradatio rates with up to 47% RhB degra-
dation while lowering the amount of catalyst for CN-ES1 
(1.0 mg) shows a reduced dgradation rate of 28%. The sub-
strate containing partly embedded CN (CN-IF) degrades 
only 18% RhB within 480 min irradiation time as a result 

of a lower number of active sites at the surface. A pho-
tosensitive degradation mechanism of the RhB molecule 
is detected for all samples by the hypsochromic shift of 
the absorption maximum of RhB. The shift is due to the 
stepwise de-ethylation of the RhB molecule. To initiate the 
photosensitive degradation mechanism, the RhB molecule 
has to be adsorbed onto the catalyst surface. By additional 
light-induced excitation of the RhB molecule, electrons are 
transferred from the HOMO to the LUMO of the dye and 
then to the conduction band of the photocatalyst material 
[52, 53]. The excitation and transfer of the charge carriers 
contribute significantly to degradation of RhB, which was 
outlined in a previous study [29]. The corresponding time-
dependent RhB absorption diagram as a result of illumina-
tion is presented for CN-ES2 exemplarily (Fig. 5b). Thus, 
we conclude that in accordance with previous studies for 
CN and β-Bi2O3 particles, RhB degradation results from a 
combination of indirect photocatalytic oxidation and pho-
tosensitive decomposition [29, 36].

To compare the different samples and to select which 
substrate is best suited for further applications, the pho-
tocatalytic activity per applied catalyst mass and the 
photocatalytic activity per substrate area were evalu-
ated (Fig.  6). The highest photocatalytic activity of all 
samples is determined for CN-IF (5.6 ×  10−10 mol  mg−1 
 min−1), but the overall degradation rate of CN-IF is low 
(Fig. 5). The photocatalytic activities of the CN-ES sam-
ples are lower with 2.0 ×  10−10 mol  mg−1  min−1 for CN-ES1 
and CN-ES2, 1.4 ×  10−10 mol  mg−1  min−1 and for CN-ES3, 
but overall degradation is higher. For β-Bi2O3/CN-ES an 
activity of 1.6 ×  10−10 mol  mg−1  min−1 is calculated and 

Fig. 5  a  Time-dependent photodegradation of an aqueous RhB 
solution (1 ×  10−5  M) under visible light irradiation with a 300  W 
Xe-lamp (t > 0 min) without catalyst and in the presence of the CN-

ES1, CN-ES2, CN-ES3, β-Bi2O3-ES, β-Bi2O3/CN-ES and CN-IF, b vis-
ible light spectra of RhB during the photodegradation process with 
CN-ES2 
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for β-Bi2O3-ES the photocatalytic activity per catalyst 
mass is 1.3 ×  10−10 mol  mg−1  min−1. For the dip coated 
fleece substrates, the photocatalytic activity per mass 
decreases almost linearly with the increase of catalyst 
loading. However, the photocatalytic activity in relation 
to the substrate area (5.75  cm2) must also be taken into 
account, as it describes the area of potential activity of 
the coatings. Here, the lowest photocatalytic activity per 
substrate area is obtained for CN-IF with 2.2 ×  10−11 mol 
 cm−2  min−1. For CN-ES1 a value of 3.5 ×  10−11 mol  cm−2 
 min−1 is obtained, which is, however, lower than the value 
of 5.9 ×  10−11 mol  cm−2  min−1 as determined for CN-ES2 
and CN-ES3. The value of β-Bi2O3/CN-ES is similar to CN-
ES2 with 5.7∙10−11 mol∙cm−2∙min−1, while for β-Bi2O3-ES 
an activity per surface area of 3.9 ×  10−11 mol  cm−2  min−1 
is calculated.

For further photocatalytic investigations, CN-ES2 was 
used, as the coated substrate represents the best compro-
mise between photocatalytic activity per catalyst mass 
and area of activity of the substrate and shows one of the 
highest RhB degradation rates (Figs. 5 and 6).

A comparison with literature data is limited to rare 
examples, which e.g. show that a CN material, immobi-
lized on a PVDF membrane, enabled RhB degradation of 
80% within 24 h [54].  Bi2O3 fibers obtained after calcina-
tion at 500 °C were shown to degrade ca. 60% RhB after 
120 min irradiation time (adsorption in the dark with-
drawn) [40]. Both are of higher activity compared to the 
presented data. However, comparison is of limited value, 
because light source, reactor setup, measurements con-
ditions, concentration of pollutant solutions and catalyst 
loadings are not identical but influence the photocatalytic 
performance significantly. In addition, the applied catalyst 
masses during immobilization process are not given in the 

references, which hinders the evaluation of photocatalytic 
activity (per mass or area).

In order to determine whether leaching of the photo-
catalysts may occur during catalysis, the substrates were 
stirred in the reactor for 8 h in water, analogously to the 
conditions used for the catalytic experiments. The non 
purgeable carbon content (NPOC) of the solution was 
determined. For comparison, the NPOC value of a water 
sample (118.7 µg  L−1) and from a water sample which was 
in contact with an uncoated fleece was determined (814.5 
± 88 µg  L−1, triple determination). The increase of the car-
bon content most probably results from the detachment 
of small fiber fragments from the fleece. The NPOC values 
for the CN modified fleeces were slightly higher with val-
ues between 865.0 and 958.2 µg  L−1 (CN-ES1, 865.0 µg  L−1; 
CN-ES2, 958.2 µg  L−1; CN-ES3 873.7 µg  L−1; CN-IF, 867.2 µg 
 L−1) and it thus can be concluded that minor leaching 
cannot be excluded. To determine possible leaching for 
the β-Bi2O3 containing substrates (β-Bi2O3-ES, β-Bi2O3/
CN-ES), the RhB solutions after catalysis were used to 
determine the bismuth content using ICP-MS. Bismuth 
was not detected. To investigate the cycle stability and to 
evaluate if further leaching of the coated fleeces occurs, 
several measurements (RhB degradation) were carried out 
with the same fleece (CN-ES2) (Fig. 7a). The degradation 
rate and rate constants decrease after the first cycle from 
intially 47% to 33% and from 2.2 ×  10−5  s−1 to 1.4 ×  10−5 
 s−1, respectively, in the second cycle, but remain almost 
unchanged and stable in the third cycle (Fig. 7b). The slight 
decrease of photocatalytic activity might be due to some 
minor detachment of fiber and catalyst fragments from 
the fleece substrate.

Finally, the photocatalytic degradation efficiency for 
other pollutants such as triclosan and EE2 using CN-ES2 
was evaluated (Fig. 8). EE2 is degraded to 29% within 

Fig. 6  Comparison of the pho-
tocatalytic activity per applied 
catalyst mass (left) versus the 
activity per substrate area 
(right) for different samples
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480 min irradiation time, which corresponds to a pho-
tocatalytic activity of 5.0 ×  10−10 mol  mg−1  min−1, and 
triclosan is degraded to 50%, which corresponds to a 
photocatalytic activity of the coated fleece for triclosan 
of 7.1 ×  10−10 mol  mg−1  min−1. It should be emphasized, 
that the adsorption behavior of triclosan on the CN-ES2 
substrate differs significantly compared to the adsorp-
tion behavior of RhB and EE2. During the dark phse, 34% 
of the triclosan adsorbs to the substrate surface, which 

indicates a strong interaction of the triclosan with the 
substrate. We assume that adsorption takes place at the 
polymer matrix, which contributes to the reduction of 
the amount of the pollutant in solution significantly.

3  Conclusions

Here we present a method to prepare fleeces with a size 
of 150  cm2 via electrospinning of PVAc fibers, which show 
potential as substrates for the immobilization of photo-
catalyst materials such as CN, β-Bi2O3 and a mixture of 
both. During the dip coating process, the fibers adhere to 
each other, which might offer the additional application 
as a filter medium. Commonly, such electrospun fibers are 
converted to inorganic fibers by thermal treatment. We 
have shown that the as-prepared PVAc mats show poten-
tial for photocatalysis applications in water without addi-
tional complex treatment. The observed minor leaching 
of organic products might require further adaption, but 
noteworthy leaching of bismuth oxide is not observed.

Embedding of CN particles directly into the fiber struc-
ture (CN-IF) during the spinning process was successful, 
but in comparison to fleeces with dip coated photocatalyst 
material (CN-ES) a low RhB degradation rate and photo-
catalytic activity per substrate area is observed (CN-ES2: 
5.9 ×  10−11 mol  cm−2  min−1; CN-IF: 2.2 ×  10−10 mol  mg−1 
 min−1). Compared to CN-ES2 samples (2.0 ×  10−10 mol 
 mg−1  min−1), a lower photocatalytic activity for substrates 
coated with β-Bi2O3 (β-Bi2O3-ES 1.3 ×  10−10  mol  mg−1 
 min−1) is determined, which is as expected since degrada-
tion experiments with catalyst dispersions using the same 

Fig. 7  a Time-dependent cycling experiment for the photodegra-
dation of an aqueous RhB solution (1 ×  10-5  M) under visible light 
irradiation with a 300 W Xe-lamp (t > 0 min) without catalyst and 

in the presence of the CN-ES2, b  semi logarithmic plots for the 
cycling experiment of the photodegradation of RhB with CN-ES2 

Fig. 8  Time-dependent photodegradation of aqueous ethinyl 
estradiol and triclosan solutions (4 ×  10-5 M) under visible-light irra-
diation (t > 0 min) without catalyst and in the presence of CN-ES2 
as photocatalytic film
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reactor setup showed higher degradation rates for CN 
materials compared to β-Bi2O3 (SI 3) [29, 51]. The use of the 
mixture of β-Bi2O3 and CN (β-Bi2O3/CN-ES; 1.6 ×  10−10 mol 
 mg−1  min−1) did not enhance the degradation rates as 
expected, thus better absorption capability of the mixture 
or formation of a heterojunction, as reported earlier for 
this combination of materials, is not observed [28]. The 
most promising sample (CN-ES2) with high photocatalytic 
activity, high surface efficiency and high degradation rate 
was selected for the degradation experiments with EE2 
and triclosan. Both substances were degraded substan-
tially, whereby triclosan was degraded more efficiently.

The presented simple immobilization method offers the 
opportunity for the implementation of diverse photocata-
lyst materials on flexible PVAc substrates, which might be 
used as catalyst support in waste water treatment and 
other fields of applications such as  CO2 conversion, water 
splitting or disinfection.

4  Experimental section

Catalyst preparation Dicyandiamide (99% Co. Alfa Aesar) 
was dried with  P2O5 for 5 days under vacuum before use. 
The dicyandiamide (1 g) is decomposed in a crucible (cov-
ered with a lid) at 550 °C for 4 h using a heating rate of 5 K 
 min−1. The obtained yellow powder is grinded in a mortar 
and sieved to a particle size smaller than 100 μm. Detailed 
information on synthesis and characterization of the CN 
photocatalyst materials was reported in reference [50]. To 
obtain β-Bi2O3, the  [Bi38O45(OMc)24(EtOH)13] cluster was 
synthesized according to reference [47] and hydrolyzed 
to obtain pure β-Bi2O3 according to [26, 51]. Detailed infor-
mation about the characterization of these materials are 
given in [26, 51] and SI 1.

Electrospinning of PVAc fibers and coating with CN 
particles: An electrospinner (Co. Spraybase®) was used for 
the production of polymer fiber fleeces. A polymer solu-
tion of PVAc  (MW = 55,000–70,000, Carl Roth) in a mass 
ratio of 1:2 was dissolved in ethyl acetate and spun into 
fibers on a rotating collector drum (80–1000 rpm), covered 
with aluminum foil. The distance between the collector 
and the needle with a diameter of 1.2 mm was 5 cm. Due 
to the horizontal movement of the needle during the spin-
ning process, a large area was covered with statistically dis-
tributed polymer fibers. For spinning the large area fleece 
(8 cm × 30 cm), 15 kV was applied, the flow rate ranged 
between 30 and 100 µL  min−1 and 8 mL of the polymer 
solution were spun. To ensure reproducibility and a suf-
ficient thickness of the polymer fleece, only a central strip 
of 5 cm × 30 cm was used to cut the substrates (23 mm × 

25 mm) for easier handling during the photocatalytic deg-
radation measurements.

To coat the fleece substrates with the CN particles 
and β-Bi2O3, the substrates were dipped into 10 mL of 
an EtOH/water mixture for 5 min to allow swelling of the 
polymer fibers. To obtain a deposition of 1 mg CN onto 
the fleece substrate, a mixture or 1 vol% EtOH/water was 
used (CN-ES1). To deposit 2 mg CN or β-Bi2O3 (CN-ES2, 
β-Bi2O3-ES) a mixture of 5 vol% EtOH/water was used, 
and to deposit between 3 and 4 mg (CN-ES3) a mixture 
of 10 vol% EtOH/water was used. 100 mg of the CN par-
ticles or β-Bi2O3 were dispersed in the corresponding 
EtOH/water mixture for 5 min in an ultrasonic bath. Then, 
the fleece substrates were dipped into the CN dispersion, 
sonicated for 30 s and dried in air for 3 days. In order to 
remove only loosely adhering particles, the substrates 
were placed in water and subsequently in an ultrasonic 
bath for a few seconds. This is followed by a further dry-
ing step under ambient conditions. To coat a mixture of 
β-Bi2O3 and CN (β-Bi2O3 /CN-ES), 50 mg of β-Bi2O3 and 
50 mg of CN were added to the 5 vol% EtOH/water mix-
ture. To obtain PVAc fibers with embedded CN particles, 
50 mg of sieved (<32 μm) CN particles were dispersed 
in 30 g ethyl acetate and sonicated for one hour in an 
ultrasonic bath. Then, 15 g PVAc were added and dis-
solved. The spinning process was carried out with a nee-
dle of 1.2 mm in diameter, a flow rate of 50 µL  min−1 at 
15 kV, a spinning distance of 5 cm and a rotation speed 
of 1000 rpm (CN-IF). The as prepared substrate includes 
0.3 wt% CN material, which corresponds to a mass of 
0.23 mg per substrate. For detailed electrospinning and 
deposition conditions see SI 4.

Evaluation of photocatalytic activity The photocatalytic 
activity of the as prepared fleece coatings was evalu-
ated in a water cooled glass reactor (T = 15 °C) using the 
coated fleece material and 35 mL of an aqueous solution 
of 1 ×  10− 5  M RhB (triclosan and EE2 with 4 ×  10− 5  M). 
The reactor is equipped with a 300 W xenon lamp (type 
Cermax® VQTM ME300BF, Co. Perkin Elmer, intensity of 
~ 1839 W  m− 2). A hot mirror filter (λ ≤ 700 nm) is located 
within a distance of 12.3 cm at one side of the reactor 
and directly illuminates an area of 4.5  cm2. A cut-off filter 
(λc (τi = 0.50) = 420 ± 6 nm, GG420, Co. Schott) is used to 
remove the UV light. Before illumination, the solutions are 
stirred for a minimum of 30 min in the dark to establish 
the adsorption-desorption equilibrium of the dye at the 
catalyst surface. The progress of photodegredation and 
the adjustment of the adsorption-desorption equilibrium 
is studied by in situ UV–Vis spectroscopy. The illumination 
process is interrupted by stopping to stir and darkening 
the light beam by a cover prior to the UV–Vis measure-
ment. The interval of measurement is timed every 10 min 
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for the first 30 min, every 15 min between 30 and 90 min, 
every 30 min between 90 and 180 min and every 60 min 
to the last measurement after 480 min. The concentra-
tion of the pollutant is determined by calculating the area 
under the UV–Vis curve from 450 to 600 nm for RhB, for 
the triclosan and EE2 in the area between 200 and 300 
nm. The photodegradation is plotted as a function of the 
irradiation time. The photocatalytic activity is calculated 
according to Eq. (1).

Here,  c0 is the initial concentration of the degradation 
solution used, V is the volume of degradation solution 
used,  XPC is the conversion in moles during photocataly-
sis at the time  tPC and  mcat is the catalyst mass used. The 
determination of the photocatalytic activity for coatings 
is carried out by means of the conversion after 480 min 
irradiation time. The photocatalytic activity per substrate 
area is calculated in a similar way, but the catalyst mass 
 mcat is substituted to the substrate area of 5.75  cm2.

Material characterization The light microscope images are 
obtained using an Axio Scope.A1 (Co. Zeiss), equipped 
with a HBO 100 illuminator and halogen lamp Hal 100. 
SEM images were obtained using a XL 30 (Co. Philips) 
with a working distance between 10 and 11 cm and an 
acceleration voltage of 5–30 kV. The samples were sput-
tered with gold to enhance the conductivity during the 
SEM measurements. Diffuse reflectance UV-Vis spectros-
copy was performed using a Carry 60 UV–Vis (Co. Agilent 
Technologies) equipped with a Barrelino™ (Co. Harrick 
Scientific Products) remote diffuse reflection probe. The 
band gap Eg of the semiconductor was estimated accord-
ing to the equation (�h�)1∕n = A ⋅ (h� − Eg) where α is the 
absorption coefficient of the material, hν is the photon 
energy and A represents a proportionality constant. For 
a direct band gap n = 0.5, for determination of an indi-
rect band gap n = 2 [55]. In accordance to literature data 
[25, 56] direct band gaps were assumed for all materials. 
In order to detect leaching of the immobilized CN parti-
cles on different fleeces (CN-ES1, CN-ES2, CN-ES3, CN-IF), 
corresponding substrates and an uncoated substrate are 
stirred as a reference sample in 35 mL ultrapure water for 
8 h (analogous to catalysis conditions). In addition, a sam-
ple of ultrapure water is stirred under the same conditions 
to obtain a comparative value for the carbon content of 
the ultrapure water and organic impurities that diffuse in 
during stirring. 20 mL of the respective water samples are 
then transferred to a measuring vessel and acidified with 
100 µL of a 2 N HCl. The subsequent analysis of the NPOC 
content is carried out using a TOC analyzer (Co. Analytik 

(1)A =

c
0
⋅ V ⋅ X

PC

m
cat

⋅ t
PC

⋅ 100

Jena). The ICP-MS measurements to analyze if bismuth 
oxide leaching occurs were carried out by adding 1 mL 
of 63%  HNO3 to 35 mL o the degraded solution (RhB; 
1 ×  10− 5 M) after an irradiation time of 480 min and usage 
of β-Bi2O3/CN and β-Bi2O3 as catalysts in order to convert 
leached out bismuth oxide into soluble compounds. The 
samples were analyzed by Berghof Analytik + Umweltengi-
neering GmbH. A sample after a photolysis measurement 
was also analyzed. Photoluminescence measurements 
were carried out using a FluorMax 4 (Co. Hobira), equipped 
with a 150 W Xe lamp and an excitation wavelength of 350 
nm. Powder X-ray diffraction (XRD) was carried out with 
a STOE-STADI-P diffractometer equipped with a Ge(111)-
monochromator. The X-ray source was  CuKα1-radiation 
(40 kV, 40 mA).
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