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A B S T R A C T

Heterogenous photocatalysts based on electrospun fibers composed of polyvinylpyrrolidone and titanium
propoxide were prepared and heated at 500, 750 and 950 °C to obtain anatase and rutile fibers. The fibers were
then decorated with Pd and Co nanoparticles as well as a symmetrical zinc phthalocyanine (Pc). The fibrous
materials obtained have a paper-like macroscopic appearance allowing for easy handling and separation. The
photocatalytic activities of the new materials were evaluated for the generation of H2 upon UV (368 nm) or
visible (630 nm) light excitation. Depending on the heat treatment or the post-synthetic decoration method, the
materials show higher, or similar, activity compared to P25-TiO2, with superior ease of separation. The catalysts
showed ability to degrade organic matter, with MeOH used as a model compound. This is of considerable
importance for potential water treatment applications that will require flow-compatible materials.

1. Introduction

Increased water pollution and the need for a cleaner environment
have resulted in increased interest in heterogenous photocatalysis [1].
According to a 2017 report from the World Health Organization
(WHO), over 2 billion people do not have access to safe water in their
homes [2]. The degradation of water pollutants while simultaneously
producing H2 is an area of interest, mainly because H2 has been iden-
tified as potential candidate in energy production, for example by
powering fuel cells [3]. Solar water splitting to produce H2 mediated by
catalysts such as TiO2 has risen interest since the 1972 landmark report
by Fuhishima and Honda [4]. TiO2 is particularly attractive because it
has a high resistance to corrosion, possesses strong oxidising ability and
it is a low-cost material [5–7]. Typical titania catalysts, including many
materials described as fibers or wires at the microscopic scale, are
macroscopically powders. However, for practical applications in flow
systems, the separation of fine-powdered TiO2 is difficult, making re-
trieval and reusability challenging. Hence, the TiO2 fibers utilized in
this work could greatly facilitate scale-up by enabling the use of flow
photochemistry techniques. The TiO2-based fibers are obtained by
electrospinning followed by thermal treatment, and are easy to separate
from solution. Electrospinning is a commonly used fiber fabrication
technique for the production of small diameter fibers with high surface-

to-volume ratio [8,9]. The TiO2-based fibers can be prepared in dif-
ferent crystalline phases, i.e., anatase and rutile, enabling for compar-
ison of their activities [10–12]. Furthermore, the fibers utilised here (in
spite of their nanometric diameter) have a macroscopic thin-paper-like
appearance –which remains intact even post modification– that en-
ormously facilitates their separation and/or future potential in flow
system applications (Fig. 1).

True water splitting entails breaking down water to form hydrogen
and oxygen in the presence of a catalyst, such as TiO2 (Scheme 1A).
Unfortunately, this process is rather inefficient [13,14]. Sacrificial
electron donors (SEDs) are commonly used to assist the H2 generation
thereby improving the efficiency of H2 generation at the expense of the
consumption of SEDs (Scheme 1B). A range of SEDs have been reported
to be effective for this process [14,15], in this work 1% methanol is
used as a SED. Upon exposure to UVA irradiation, an electron-hole pair
is formed in the TiO2 and methanol can quench the electrophilic hole
producing •CH2OH radicals (Scheme 1B), subsequently forming for-
maldehyde (CH2O) [16]. This process enhances the H2 generation of
TiO2 by close to two orders of magnitude [14]. This phenomenon
therefore suggests that other electron donor compounds, such as
common organic water pollutants, can fulfil the role of being a SED and
aid in effective generation of H2 while simultaneously being degraded
in the process, resulting in improved water quality [14,17].
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The generation of hydrogen as utilized here serves as an excellent
way to test for new catalyst activity, as under anaerobic conditions H2

generation is directly linked to the degradation of organic matter [17].
This work explores the use of bare, phthalocyanine (Pc) decorated and
metal nanoparticle (MNP) decorated TiO2 fibers for H2 generation using
1% methanol as a model SED. Palladium and cobalt NPs were chosen as
their efficiency in hydrogen generation when used together with com-
mercially available P25-TiO2 has been established before [14]. In order
to compare the activities and selectivities of the TiO2-based catalysts,
their photocatalysis was conducted under 368 and 630 nm LED irra-
diation. The rationale behind the choices in the light sources is based on
the fact that all the catalysts have TiO2 as a dominant absorber in the
UV region, and that the decoration of the fibers can change the optical
properties of the materials, i.e., post-synthetic decoration provides
visible light absorption properties to the material. Thus, decoration of
the TiO2 fibers with Pcs yields TiO2 fibers with two absorbers wherein
the Pc absorbs visible light. This is beneficial as most of the solar ir-
radiation is in the visible region, making such work feasible for real life
applications.

Pcs are synthetic tetrapyrrolic macrocycles containing four iminoi-
soindoline rings, they possess excellent visible/near infrared absorp-
tion, high thermal and chemical stability, and the ability of generate
singlet oxygen [18,19]. These properties make them good candidates
for applications such as dye sensitised solar cells (DSSCs), photo-
dynamic therapy (PDT) of cancer, and photodynamic antimicrobial
chemotherapy (PACT) of bacteria [20–23]. In addition, phthalocya-
nines have been shown to generate H2, when adsorbed on semi-
conductor photocatalysts such as TiO2, although not showing the ease
of separation and flow-compatibility of the materials reported here
[15,24]. In this work a symmetrical zinc Pc (complex 1, Fig. S1) is
deposited on TiO2 fibers to adapt the materials for H2 generation and
potential water treatment under flow conditions. Complex 1 was chosen

because it is insoluble in water, preventing further pollution of the
treated water through potential leaching mechanisms.

2. Experimental

2.1. Materials

Polyvinylpyrrolidone (PVP, MW 1,300,000), titanium(IV) prop-
oxide (TP), 1,3-diphenylisobenzofuran (DPBF), zinc acetate (Zn(OAc)2),
cobalt nitrate hexahydrate, Zn phthalocyanine (ZnPc) were purchased
from Sigma-Aldrich. Glacial acetic acid (AA) was purchased from
Minema chemicals. Palladium (II) chloride (99%) was purchased from
Alfa Aesar. Irgacure-907 (2-methyl-4′-(methylthio)-2-morpholinopro-
piophenone) was a gift from Ciba Specialty Chemicals. The solvents
were obtained from commercial suppliers and used as received. The
synthesis of complex 1 has been reported before [25,26]. Employed
equipment and instrumentation are presented in the supporting in-
formation.

2.2. Electrospinning method

Sample preparation and electrospinning were conducted as reported
before [27–30] with slight modifications. A solution of glacial acetic
acid (5mL) and titanium(IV) propoxide (5mL) was prepared and added
to a solution of 10 % PVP (10mL) in ethanol. The resulting solution was
stirred for 24 h and then loaded into a syringe equipped with a stainless
steel needle, connected to a high voltage power supply. A voltage of
12.5 kV was applied between the needle and the stationary aluminium
foil collector. The distance between the tip of the needle and the col-
lector (TCD) was 12 cm and the applied flow rate was 1.5 mL/h (con-
trolled using a syringe pump). The recorded temperature and humidity
in the room in which the electrospinning was conducted were 24.7 °C

Fig. 1. Macroscopic appearance of the TiO2 fibers (using bare (left) and Pd-decorated (right) TiO2 fibers as examples) showing their paper-thin appearance and the
change in color upon post-synthetic Pd decoration.

Scheme 1. (A) True water splitting versus (B) SED assisted hydrogen generation.
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and 49%, respectively. The collected fiber mat was left in open air to
allow for complete hydrolysis of the titanium propoxide by moisture in
the air [28]. The electrospun PVP/TP composite nanofibers were cal-
cined at temperatures of 500, 750 and 950 °C for 3 h under air, re-
moving PVP which acts as a sacrificial polymer to obtain purely in-
organic TiO2 nanofibers (labelled as TiO2-500, TiO2-750 and TiO2-950,
respectively).

2.3. Decoration of TiO2 fibers

2.3.1. Phthalocyanine-decorated fibers
The deposition of complex 1 on the surfaces of each of the calcined

TiO2 fibers (TiO2-500, TiO2-750 and TiO2-950) and on commercially
available P25-TiO2 (used as reference) was conducted. Complex 1
(10mg) was dissolved in 15mL tetrahydrofuran (THF) in four separate
reaction vessels followed by immersion of TiO2-500, TiO2-750, TiO2-
950 or P25-TiO2 (50mg) into each Pc solution. The solutions were then
sealed and left in the dark for 24 h at room temperature. The fibers were
then removed from the solutions, rinsed with THF and oven dried at
70 °C for an hour to remove the THF. The TiO2 based catalysts obtained
were blue and are labeled TiO2-500-1, TiO2-750-1, TiO2-950-1 and
P25-TiO2-1.

2.3.2. Pd-decorated fibers
PdNPs were synthesized by reduction of Pd2+ under UVA irradia-

tion in the presence of the calcined TiO2 fibers (TiO2-500, TiO2-750 or
TiO2-950) or P25-TiO2. This was done following the protocols pre-
viously described [31] with slight modifications. Each of the calcined
fibers and P25-TiO2 (500mg) together with PdCl2 (22mg) were added
to 20mL water in separate reaction vessels followed by UVA irradiation
in a photoreactor for 8 h. The fibers were then rinsed with water and
dried overnight in a desiccator. Brown Pd decorated TiO2 based cata-
lysts were obtained and denoted TiO2-500-Pd, TiO2-750-Pd, TiO2-950-
Pd and P25-TiO2-Pd.

2.3.3. Co-decorated fibers
The Co-decorated TiO2 catalysts were also obtained following the

protocols previously described [32] with slight modifications. Irgacure-
907 (I-907) was used as a photoinitiator for the photochemical reduc-
tion of Co2+ to CoNPs. Each of the calcined fibers and P25-TiO2

(160mg) were added to a 20mL solution of 1mM cobalt nitrate and
2mM I-907 in argon-saturated acetonitrile, followed by irradiation in a
photoreactor for 2 h. The fibers were then rinsed with water and left to
dry overnight. Due to the instability of the CoNPs in the presence of
oxygen, the otherwise black and paramagnetic CoNPs do not exhibit
paramagnetic behaviour in the presence of air and resulted in grey/
white Co decorated TiO2 based catalysts which were denoted TiO2-500-
Co, TiO2-750-Co, TiO2-950-Co and P25-TiO2-Co, respectively.

2.4. Photo-induced hydrogen generation

Each of the functionalised fibers (10mg) were suspended in 4mL of
1% methanol aqueous solution under argon atmosphere and sealed in a
crimp top vial followed by irradiation for 4 h. For comparison, the
photoactivity of commercially available P25-TiO2 was studied under
the same conditions. Samples of the headspace gas were then taken
with a sample lock syringe and injected in the GC-TCD wherein the H2

signal was detected at ∼ 4.0min. The quantification of H2 was per-
formed using the already reported calibration curve of the gas detection
in the GC-TCD instrument in the group [14].

3. Results and discussion

3.1. Characterization of TiO2 fibers

The titania fibers were characterised using Raman, XPS, and DR
spectroscopies, XRD and TEM. The Raman spectra are shown in Fig. 2.
TiO2-500 was found to have active vibrations in Raman spectroscopy
located at 144 cm−1 (Eg), 396 cm−1 (B1g), 518 cm−1 (A1g) and
637 cm−1 (Eg) while for TiO2-750 and TiO2-950, vibrations at
134 cm−1 (B1g), 236 cm−1 (broad band), 442 cm−1 (Eg), and 605 cm−1

(A1g) were observed, corresponding to reported vibrations for anatase
and rutile crystalline phases of TiO2 [33]. The results suggest that TiO2-
500 is pure anatase while TiO2-750 and TiO2-950 are pure rutile.

XRD analyses were also conducted to confirm the crystalline
structure of the TiO2 fibers. XRD patterns of the calcined fibers are
shown in Fig. 3 where strong diffraction lines are observed, each of
which showing high crystallinity and single phases of the TiO2 fibers.
The peak positions of TiO2-750 and TiO2-950 are the same suggesting

Fig. 2. Raman spectra of (A) TiO2-500, (B) TiO2-750 and (C) TiO2-950 showing
characteristic bands for anatase (A) and rutile (B and C).

Fig. 3. XRD patterns of (A) TiO2-500, (B) TiO2-750 and (C) TiO2-950;
A= anatase and R= rutile.
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that they have the same phase while those of TiO2-500 are different. For
TiO2-500, peaks were observed at the 2θ values of 25.37, 37.89, 48.02,
54.07, and 55.20 corresponding to the (101), (004), (200), (105) and
(211) planes of tetragonal anatase phase as reported before [8]. For
TiO2-750 and TiO2-950 on the other hand, the main peaks were ob-
served at 2θ values of 27.90, 36.63, 41.83, 54.63 and 57.03° corre-
sponding to the (110), (101), (111), (211) and (220) planes of tetra-
gonal rutile phase as reported before [8].

The MNP- and Pc-decorated fibers were characterized by UV–vis
spectroscopy. The spectrum of complex 1 in THF is shown in Fig. S2
where the two major absorption bands associated with Pcs, i.e., the Q
band (accompanied by two vibronic bands) in the near infrared region
(∼680 nm) and a weaker B band towards the ultraviolet region were
observed. The narrow Q band of the Pc at 680 nm served as con-
firmation of its monomeric behaviour in THF. Solid state spectroscopy
of the fibers was also conducted as shown in Fig. S3 (using TiO2-500,
TiO2-500-1, TiO2-500-Pd and TiO2-500-Co as examples). The diffuse

reflectance spectra of the calcined TiO2 fibers show a broad peak in the
UV region (< 400) which is characteristic for TiO2 materials [34]. The
peak attributed to TiO2 was maintained after deposition of the Pd and
Co NPs as well as complex 1 on the surface of the TiO2 fibers. The fibers
decorated with the PdNPs exhibit a slight red shift and broadening in
the spectral band which is not observed for the fibers decorated with
the Co nanoparticles. In addition, there is also an observed red shift of
the Pc Q band (692 nm) for the fibers decorated with complex 1. The
red shift and broadening of the Q band are typical of Pcs in the solid
state, mainly due to aggregation, which is judged by broadening and
splitting of the Pc Q band [35,36]. The inset in Fig. S3 shows the
macroscopic appearance of the materials, clearly fibers retain their
paper-like fibrous morphology upon the post-synthetic decoration and
change from white to gray or green color accordingly. Similar spectra
were obtained for TiO2-750 and TiO2-950 as well as their decorated
counterparts.

Analysis of the metal loading on each of the calcined fibers was

Fig. 4. SEM images of (i) TiO2-500, (ii) TiO2-500-Pd, (iii) TiO2-500-Co, (iv) TiO2-750, (v)TiO2-750-Pd (vi) TiO2-750-Co, (vii) TiO2-950 (viii) TiO2-950-Pd (ix) TiO2-
950-Co. The size bar (bottom center of each image) is 1 μm.
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conducted using ICP-OES and the results obtained are shown in Table
S1. It is important to note that the Pd loadings on the three fibers (TiO2-
500-Pd>TiO2-750-Pd∼TiO2-950-Pd) are different. This is related to
the preparation method of the Pd-decorated fibers. This method uses
the reducing properties of TiO2 to reduce Pd2+ into Pd0, thus the fibers
catalyse the photoreduction process. TiO2-500-Pd has a greater Pd
loading (∼3.26 wt %), presumably as a result of a higher photoreduc-
tion efficiency of TiO2-500, while TiO2-750-Pd and TiO2-950-Pd have
comparable loadings (∼1.3 wt %). This is not surprising as the pore
volume (BET, see below) of TiO2-500 is larger (0.167 cm3/g) than that
of TiO2-750 (0.013 cm3/g) and increased porosity has been reported to
increase the catalytic activity [15]. In addition, anatase phase TiO2 has
been reported to possess better photocatalytic activity than rutile [24].
In the case of Co decoration, same loadings are found, as I-907 was used
as reducing agent. In the case of the Pc decorated fibers, no activity of
the fibers is used for derivatization, they are dyed in the same manner
hence the loading is also the same. Notice that the loading for the Pc-
decorated fibers was determined based on the presence of Zn (central
metal of the Pc).

Confirmation of efficient photoreduction of Pd2+ and Co2+ to form
the nanoparticles on the surface of the bare fibers was conducted by
XPS using TiO2-500-Pd and TiO2-500-Co as examples. A Pd 3d core
level spectrum consisting of two components i.e., Pd 3d5/2 and Pd 3d3/2
(separated by approximately 5.4 eV) was obtained as reported before
[37]. As shown in Fig. S4A, the Pd 3d spectrum of TiO2-500-Pd was
deconvoluted to four peaks at 336.9 (Pd0), 337.7 (Pd2+), 342.3 (Pd0)
and 343.9 eV (Pd2+). The Pd0 peaks are of higher intensity than those
of Pd2+ which could be an indication that although there are still traces
of Pd2+ in the fibers, the nanoparticles in the form of Pd0 are dominant.
For the CoNPs, the Co 2p core level spectrum was performed by using

two spin-orbit split components i.e., Co 2p3/2 and Co 2p1/2 (separated
by 15.5 eV) as observed before [38]. As shown in Fig. S4B, the Co 2p
spectrum of TiO2-500-Co was deconvoluted to two peaks at 778.1 (Co0)
and 793.6 eV (Co0). To our surprise, given the easy oxidation of Co, the
results support the complete reduction of Co2+ to Co0.

Analyses of the topography of the calcined fibers before and after
deposition of the MNPs were conducted using SEM (Fig. 4). Some of the
calcined fibers are visibly porous; this is a good attribute relative to the
commercially available P25-TiO2 (image not shown) as it has been re-
ported that porous nanostructured materials are more efficient photo-
catalyst [15]. This is due to their better mass transport, large specific
surface area and abundant active sites for the reactions [39]. TiO2-750
and TiO2-950 have both been proven to be rutile (XRD and Raman
spectra), they however possess different morphologies. The TiO2-750
fibers are more cylindrical and porous while TiO2-950 has a more dis-
torted surface with grain-like structures which are sintered. The dis-
tortion of the fibers with increased calcination temperature is possibly
due to the breakage of the Ti–O bonds in the anatase structure, per-
mitting the rearrangement of Ti–O to form the thermodynamically
stable rutile phase. Thus, phase transformation can lead to the disrup-
tion of the lattice of TiO2 [40]. There are no notable differences in the
images of fibers decorated with complex 1 because of the small sizes of
the Pcs (about 1 nm) hence their images are not shown. The decoration
of the fibers with the Pd and Co NPs on the other hand is visible on the
images as the surfaces of the fibers appear rough due to the presence of
the NPs.

Since some of the fibers are visibly porous (Fig. 4), the analyses of
their surface areas and porosity was conducted, Table S1. No BET iso-
therm and hence no surface area/porosity data was obtained upon
analysis of the bare and decorated TiO2-950 fibers, this is probably due

Fig. 5. H2 generation rates with (A) bare fibers, (B) fibers decorated with Pd NPs, (C) fibers decorated with Co NPs and (D) fibers decorated with complex 1. Tests
were conducted using an irradiance of 16W m−2 at 368 nm (blue) and 630 nm (red) in the presence of 1% methanol. ND: not detected.
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to their brittle nature and distorted fibers. Analyses of the bare TiO2-
500 and TiO2-750 fibers shows that increased heating temperature
caused a decrease in the surface area and pore volume of the fibers.
Decoration of the bare fibers with NPs resulted in an increased surface
area for TiO2-500-Pd (or Co) and TiO2-750-Pd (or Co), the former
being larger than the latter. Decoration of the fibers with complex 1
only slightly affected the fibers surface area and porosity, attributed to
the small size and low loadings of 1. A significant decrease in pore
volume and increase in surface area was also observed for TiO2-500-Pd
and TiO2-750-Pd, possibly because the PdNPs fill and clog the fiber
pores with that pattern not being observed for the Co decorated fibers.

3.2. Photo-induced hydrogen generation

The generation of H2 was evaluated for each of the functionalized
fibers and, for comparison, P25-TiO2 in the presence of 1% of methanol.
H2 generation from the bare fibers (Fig. 5A) showed that the pure
anatase fibers (TiO2-500) have better photoactivity compared to rutile
counterparts, as previously suggested [40]. The high activity of anatase
relative to rutile has also been ascribed to it having slower charge re-
combination kinetics than rutile [41,42]. Indeed, P25-TiO2 (comprised
by>70% anatase and small amounts of rutile and amorphous phase
[43,44]) shows poorer activity comparing to TiO2-500, but better ac-
tivity than TiO2-750 and TiO2-950 (pure rutile). The bare fibers showed
no activity at 630 nm, which was expected as TiO2 does not absorb
visible light [45]. The use of selected LED wavelengths (368 and
630 nm) facilitates the distinction of effects resulting from TiO2 ex-
citation and those due to excitation of decorating materials.

Using Co-decorated fibers under UV light excitation (Fig. 5C), the
H2 generation was enhanced ∼5 times comparing to the bare fibers,
similar to our observations with powder nanometric TiO2. More inter-
estingly, Pd-decorated fibers showed a 35-fold increase in activity
(Fig. 5B). This correlates to what has been observed before where
PdNPs were found to be good at enhancing SED assisted H2 generation
while CoNPs enhance true water splitting (in the absence of a SED)
[14]. Decoration of the fibers with complex 1 showed a decrease in H2

generation using UV excitation. Thus, although a zinc Pc has been re-
ported to be effective in H2 generation [15], our results showed lower
H2 generation for catalysts decorated with complex 1 relative to the
bare TiO2 fibers under UV irradiation. However, under visible light
irradiation the Pc-decorated fibers with the best reproducible H2 gen-
eration ability is the anatase TiO2-500-1. There are some indications
that TiO2-500-Pd may also generate some H2, but the results were not
reproducible to claim that this material is a reliable H2 source with
visible light (note error bars in Fig. 5B).

From results reported here, it is clear that regeneratable electrospun
titania fibers are good catalysts for metal reduction (as shown in the

catalyst synthesis) as well as H2 generation in the presence of organic
compounds, a characteristic that is attractive for water purification
strategies in flow systems.

3.3. Mechanism of photocatalysis

Based on the above experimental results, a possible mechanism of
H2 evolution using the decorated fibers is proposed and shown in
Scheme 2.

Under UV light excitation, the photogenerated electrons in the TiO2

conduction band are trapped by Pd or Co, delaying the electron-hole
recombination process and thus favouring H2 production Scheme 2A. In
the case of the fibers decorated with a Pc (complex 1), the Pc has a dual
role wherein it acts as a sensitizer donates electrons to TiO2 following
the absorption of visible light and leaving behind photogenerated va-
cancies in the highest occupied molecular orbital (HOMO). This char-
acteristic is reminiscent of Au@CeO2 that generates H2 with EDTA as
SED [46]. Thus excited dye and possibly PdNP inject electrons into the
conduction band of the TiO2 thus enabling hydrogen formation. In all
our examples, methanol acts as a sacrificial electron donor forming
formaldehyde as part of the same process. Given the exceptional elec-
trophilic properties of the TiO2 hole [14] we anticipate that many
molecules that are present in water streams as contaminants will be
degraded by processes similar to that in Scheme 2 where methanol acts
as a surrogate contaminant.

4. Conclusion

The work reported here shows that decorated TiO2 fibers are ex-
cellent catalysts for SED decomposition and hydrogen generation. In
our case we have used methanol as a convenient SED in order to test
catalyst performance, but our earlier work shows that similar reactivity
can be observed with many other organic substrates –including some,
such as acetonitrile, that can hardly be regarded as typical SEDs [16].
Thus, we expect these materials to perform well for water remediation
applications where typical contaminants may include household pol-
lutants and pharmaceuticals. In contrast to typical powder titania cat-
alysts, the materials prepared here (see Fig. 1) are robust paper-like
catalysts that can be easily manipulated. They can be readily cut with
scissors into any desirable shape, and even in our small-scale produc-
tion, the initial bare samples were the size of a conventional letter size
page. In summary, not only are the new catalysts excellent for the de-
composition of organic matter and the production of hydrogen, they are
also robust, easy to shape into desired macroscopic morphology and
hold promise for flow applications.

Scheme 2. Mechanism of photoactivity of the decorated TiO2 fibers under UVA (A) and visible (B) irradiation and in the presence of methanol as SED. Note that the
•CH2OH radical can donate an electron to the CB and contribute to hydrogen generation.
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