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Abstract
This study describes the synthesis of cesium carbonate-titanium dioxide (Cs2CQOz3/TiO2) and
boron nitride-cesium carbonate-titanium dioxide (BN/Cs2CQOs/TiO2) nanofiber photocatalysts
by electrospinning. The nanofiber properties were modulated by varying Cs2COs mole
percentage. In all prepared nanofibers, the anatase TiO2 structure was the main phase. Cs2COs3
addition in the electrospinning mixture led to the formation of small amounts of rutile phase
and decreased the anatase phase crystallinity. The highest photocatalytic activity was
observed with the Cs2COs/TiO2 photocatalyst that included 1.5 mol% of Cs2COs. Indeed,

hydrogen production rate (9,853 pmol-g*-h™) was 89.6 times higher than with pure TiO>
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nanofibers. Modification of the 1.5% Cs2CQOs/TiO2 photocatalyst with hexagonal BN further
increased hydrogen production up to 15,823 pmol/g (6 h under visible light). This
improvement could be explained by the presence of BN sheets in the BN/Cs2COs/TiO2
catalyst that improve the separation of the photoinduced electron—hole pairs in TiO2 and

increase the specific surface area compared with pure TiO2 and Cs2CO3/TiO2 nanofibers.

Keywords: Cesium carbonate nanofibers; Electrospinning; Photocatalysis; Hydrogen

evolution; Boron nitride; Water splitting.

1. Introduction

Hydrogen (H2) is an environmentally acceptable, alternative energy carrier that can be
easily stored and displays high conversion efficiency and recyclability. Therefore, it could
play a major role in addressing energy demands and environmental pollution [1-6]. Several H2
production methods based on clean-energy technologies have been investigated, including
photocatalytic [7-9], electrocatalytic [10-12] and photoelectrocatalytic [13, 14] water splitting.
Photocatalytic water splitting is particularly interesting because solar energy is cheap,
abundant and green [15].

As the visible light represents ~46% of the solar spectrum, developing a visible light-
responsive photocatalyst with a narrow band gap is a major challenge. Heterogeneous
semiconductor photocatalysts are excellent candidates for photocatalytic Hz evolution using
visible light mainly due to their stability, wide absorption region of visible light, lower
recombination rate, and robust redox capacity [16-18].

Fujishima and Hondain [19] were the first to describe titanium dioxide (TiO2)-based
semiconductors for Hz production. Then, various TiO2 modification strategies were
investigated to obtain heterogeneous semiconductors (e.g. doping and co-doping with metal
and/or non-metal elements [20-26], surface fluorination [27], surface sensitization to visible
light with graphene and with hexagonal boron nitride, h-BN [28-30]). Metal doping improves
the photocatalytic activity of TiO2-based semiconductors by promoting the electron-hole (e
/h*) pair separation and by increasing the charge separation efficiency and the number of
catalytically active sites on the TiO2 surface [31, 32]. Moreover, h-BN can increase the
reactant capacity to absorb light, limit e/h* recombination in TiO2 [33], [34], and enhance

TiO2 photocatalytic activity.
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TiO2 photocatalytic efficiency and electron transport are influenced by the
photocatalyst shape and morphology (e.g. nanoparticles, nanotubes, nanoflowers, nanofibers)
[35-38]. One-dimensional (1D) nanofibers display high specific surface area and porosity,
form fewer aggregates, and promote charge transfer [39] and electron transport. These
features explain their high photocatalytic efficiency for Hz generation [2, 40, 41]. Different
techniques can be used for TiO2 nanofiber synthesis [42-46]. Among them, electrospinning is
a cheap, simple and excellent method to fabricate 1D TiO2 nanofibers with very long pure
phase length, higher crystallinity, larger surface area to volume ratio, and controlled
morphology and chemical composition [34].

TiO2 photocatalytic activity can also be improved by metal ions [47]. Here, we used
Cs™ because of their high electron trapping efficiency that enhances the charge separation
efficiency and e/h* accumulation at energy bands with high redox potential [48]. Hezam et al.
suggested that coupling TiO2 with Cs*™ could reduce TiO2 band gap and e/h* recombination
rate, thus improving its photocatalytic activity. They showed that Cs* lead to a red shift
toward a longer wavelength in the TiO2 nanoparticle absorption spectrum and increase the

interfacial electron transfer rates, thus reducing the e’/h* pair recombination rate [48].

Here, we investigated the synergetic effect of h-BN and Cs cation addition on the
photocatalytic efficiency of TiO2 composite nanofibers during Hz generation. The main goal
of this work was to use electrospinning to fabricate cesium carbonate-TiO2 (Cs2COs/TiO2)
and boron nitride-Cs2CO3/TiO2 (BN/Cs2CQO3/TiO2) nanofibers to be used as photocatalysts in

the presence of visible light [49] for green H2 production.

2. Experimental section

2.1. Materials

Cs2C03 (99.95%, Mw = 325.82 g/mol), titanium tetraisopropoxide (TTIP) (Ti(OCH(CHs)2)4,
97%), polyvinylpyrrolidone (PVP; Mw=1300000 g/mol), acetic acid (98%), absolute ethanol
(99%), absolute methanol (99%), N,N-dimethylformamide (DMF; 99.8%), Nafion
perfluorinated resin solution, and gelatin from porcine skin were from Sigma Aldrich. All

chemicals were used as received.



2.2. Preparation of Cs2COs/TiO2 composite nanofibers

Cs2C03/TiO2 nanofibers with different mole percentages (mol%) of Cs2COs relative to TiO2
(0.25, 0.5, 1, 1.5, and 2.5 mol%) were fabricated by electrospinning. Briefly, 0.3 g of PVP
was added to the TTIP suspension in ethanol (3 mL) and acetic acid (2 mL) under stirring at
room temperature for 30 min (precursor solution). Then, Cs2COs (different mol%) was
dissolved in ethanol (2 mL) and DMF (0.5 mL) by stirring for 30 min, and added to the
precursor solution. The mixture was vigorously stirred for 1 h and when homogeneous, it was
transferred to a syringe with a stainless-steel needle (0.7 mm in diameter). Electrospinning
was performed with a constant flow rate of 1 mL/h, chamber temperature of 38 £ 5 °C, and
high voltage power (1.25 kV/cm). Nanofibers were collected on a rotating coil (rotation speed
of 400 rpm) covered with aluminum, followed by calcination in a furnace at 400 °C (heating
rate of 5 °C/min) in air for 4 h.

2.3. BN exfoliation

For BN exfoliation [50], 20 g of porcine skin gelatin was added to 80 mL of hot water (70 °C)
followed by 1 g of BN powder. The mixture was kept in an ultrasonic homogenizer at 50 °C
overnight. Exfoliated BN was collected by centrifugation at 6000 rpm for 30 min followed by
supernatant decantation. The precipitate (exfoliated BN) was dried at 80 °C for 48 h and then
calcined at 600 °C (heating rate of 5 °C/min) for 2 h in air to obtain pure exfoliated BN.

2.4. Preparation of BN/TiO2 and BN/1.5% Cs2COs/TiO2 composite nanofibers

BN/TiO2 and BN/1.5% Cs2COs3/TiO2 composite nanofibers were fabricated by
electrospinning as previously reported [34]. Briefly, the mixture containing PVP, TTIP and
Cs2COs was prepared as described in section 2.2. Then, 5 mg of pure exfoliated BN in ethanol
was added after sonication and the mixture was stirred at room temperature for 1 h.
Electrospinning, nanofiber collection, and calcination were performed as described in section
2.2.

2.5. Sample characterization

The nanofiber crystal structure was evaluated using a PANAlytical Xpert-PRO diffractometer,

equipped with an X’celerator detector, and Ni-filtered Cu-radiation (CuKal radiation

wavelength: 0.1540598 nm, and CuKa?2 radiation wavelength: 0.1544426 nm) at 40 kV and

40 mA. To obtain good quality X-ray diffraction (XRD) patterns, nanofibers were finely
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ground to powder and then scanned within 2h at a scanning rate of 0.1° min (step size and
time: 0.02° and 12s) and range of 10-90°. Their morphology and structure were studied by
scanning (SEM; Hitachi S4800, Japan) and transmission electron microscopy (TEM; JEOL
JEM 2100, JEOL, Japan) at an accelerating voltage of 200 kV. Their composition was
analyzed by energy-dispersive X-ray spectroscopy (EDX) and elemental mapping using a
Zeiss EVO HD15 microscope coupled with an Oxford X-MaxN EDX detector. Raman spectra
were generated by dispersive Raman spectroscopy (Model Sentera, Bruker, Germany) at 532
nm with a neodymium-doped yttrium aluminum garnet (power of 60 mW). Fourier transform
infrared (FTIR) spectra were recorded using KBr disks and a Nicolet 370 FTIR spectrometer.
The nanofiber band gap was measured with a UV—Vis spectrophotometer (Jasco model V-
570) equipped with a diffuse reflectance attachment (Shimadzu IRS-2200).
Photoluminescence spectra were recorded using an optical fiber spectrometer (Ocean Optics
usb2000). Continuous wave (cw) Electron Paramagnetic Resonance (EPR) measurements at
X-band frequencies (9.862 GHz) were done at room temperature in quartz tubes of 2.9 mm
outer diameter, with a Bruker B-ER420 spectrometer upgraded with a Bruker ECS 041XG
microwave bridge and a lock-in amplifier (Bruker ER023M); a modulation amplitude of 2 G
and a modulation frequency of 100 kHz were applied with a Bruker SHQ resonator. All EPR
spectra were normalized to the sample mass. Elemental analysis was done by inductively
coupled plasma optical emission spectroscopy with a Horiba Scientific ICP Ultima2 (Horiba,
Japan). The elemental composition was investigated by X-ray photoelectron spectroscopy
(XPS) on an Escalab 250 (Thermo Fisher Scientific, USA) using monochromatic Al K a
(1486.6 eV) at 2 kV and 1 pA (analysis of 400 um of surface diameter with an acquisition
time of 1203.5s).

2.6. Photochemical measurements

Electron/hole generation, migration, and recombination were monitored by photocurrent
response and electrochemical impedance spectroscopy (EIS) with a ModuLap XM
potentiostat (Solartron Analytical, USA), a three-electrode cell, 0.5M Na2SOs4 aqueous
solution as electrolyte, Pt wire as counter electrode, Ag/AgCI as reference electrode, and
BN/Cs2COs3/TiO2 coated on indium-tin—oxide (ITO) as working electrode. The light source
was a 500 W linear halogen lamp (A range = 420 to 600 nm and frequency range = 1072 to 105

Hz). The working electrode was prepared by depositing 40 pL of nanocomposite suspension
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onto the ITO surface (10 x 10 mm) followed by drying at room temperature. The suspension
was prepared by ultrasonic dispersion of 5 mg of photocatalyst in 80 puL deionized water, 20
uL ethanol, and 40 pL Nafion followed by ultrasonication for 60 min. The EIS data were
analyzed and fitted to the equivalent circuit with the EC-Lab software. The photocurrent vs.
irradiation time curve was recorded at 0.0 V/SCE to 1.1 V/SCE in the dark (20 s) and in the
presence of light (20 s) at a scan rate of 10 mV-s™.

2.7. Photocatalytic H2 generation

H2 was produced by photocatalysis in an air-tight quartz reactor, in which the reaction
temperature was maintained at 25 °C by a cold-water circulation system. The irradiation
source was a 500 W linear halogen lamp that emitted light with a spectrum between 420 and
600 nm [51]. The lamp-aqueous solution distance was 10 cm. Briefly, nanofibers (50 mg)
were dispersed in 20 mL of 20% methanol aqueous solution (i.e. the scavenger) and
transferred to the reactor. Oxygen was removed from the reaction medium by pre-purging
with nitrogen for 30 min. Gas samples were collected each hour to assess Hz production by
gas chromatography (GC-1690, Jiedao, TCD, Ar carrier) with a 5 A molecular sieve column

(3 m x 2 mm).

3. Result and Discussion

In this study, TiO2 was modified with Cs2COs and also with h-BN nanosheets to increase its
photocatalyst activity in water splitting reactions. The effects of TiO2 structure and
morphology, of Cs2COs and h-BN addition, and of methanol as sacrificial reagent on the
photocatalytic activity of TiO2 were investigated.

3.1. Structural and morphological properties of the different composite nanofibers

XPS analysis of Cs2COs-TiO2 physicochemical interactions showed that the two peaks
detected at 458.55 eV and 464.26 eV in the Ti 2p XPS spectra corresponded to 2ps2 and 2p12
(Fig. 1a) [52]. Upon Cs2COs addition, the Ti peaks were shifted to lower binding energies:
decrease by 0.12 eV for BN/TiO2, 0.55 eV for 1.5% Cs2COs/TiO2, and 0.67 eV BN/1.5%
Cs2C0s/TiO2 nanofibers. This shift can be explained by the decreased Ti oxidation state in the
presence of BN or Cs2COs and the higher Ti reduction in the BN/1.5% Cs2COs/TiO2 sample
due to the BN and Cs2COs synergism [53]. It also suggests that Cs2COs is connected with the
TiO2 surface [54, 55].



The O 1s XPS spectra (Fig. 1b) also contained two peaks: one at ~529.7 eV identical to the
oxygen in lattice (Oiatt) and another at ~ 532 eV that corresponded to surface oxygen [53]. O
1s peaks were shifted to lower binding (~0.5 eV) upon addition of 1.5 mol% Cs2COs3
compared with TiO2 and BN/TiO2 nanofibers [54, 55]. Similarly, Cs2COs addition decreased
the binding energy of B 1s and N 1s by ~0.3 eV (Fig. 1c-d). This demonstrated Cs2COs
connection with the BN and TiO2 nanofiber surface.

Cs2COs presence in TiO2 nanofibers was confirmed by the peaks at 723.8 and 737.7 eV (i.e.
3ds2 and 3ds2 of Cs2C0Os3) [54, 55] in the Cs 3d spectra (Fig. 1e).
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Fig. 1. High-resolution XPS spectra of Ti 2p (a), O 1s (b), B 1s (c), N 1s (d) and Cs 3d (e) for TiO, nanofibers
without (TCs0), and with 1.5 mol% Cs,CO; (TCs1.5) and for BN/TiO, (TCsOB) and BN/1.5% Cs,CQO3/TiO;

(TCs1.5B) nanofibers.



Analysis of crystallinity and phase composition showed in all nanofiber samples the
typical XRD reflections of anatase TiO2 (JCPDS No. 01-084-1285) at 26 = 25.3°, 37.8°, 47.9°,
53.9%, 55.1° and 62.6° (Fig. 2a) that were attributed to the (101), (004), (200), (105), (211)
and (204) diffraction planes of anatase TiO2 [56]. The anatase phase crystallinity was reduced
upon Cs2COgz addition (at different mol%) as well as the crystallite size of the anatase phase,
calculated from the peak broadening using the Scherrer equation (from 16x1 nm in the sample
without Cs2COsto ~6+1 nm in the composite samples with different Cs2CO3s amounts). Minor
amounts of rutile and brookite phases were observed in the Cs-containing nanofibers.
Conversely, neither XRD reflections corresponding to any crystalline Cs-containing
compound nor remarkable shifts in Cs-containing nanofibers were observed in the composite
samples compared with the pure TiO2 sample. This suggests that Cs!* ions do not take the
place of Ti*" ions in the lattice of the anatase or rutile phase, likely due to the large ionic
radius difference between Ti** and Cs'* (60.5 pm vs 167 pm; all cations are 6-fold
coordinated) [57]. Indeed, the substitution of smaller Ti** by larger Cs'* cations should be
accompanied by an increase in the TiO2 lattice parameter and unit cell volume. These results
are in good agreement with our previous studies [58] showing that large ions (e.g. Ce®)
cannot enter the TiO2 lattice, but may take the place of Ti** ions on the TiO:2 crystallite
surface. This leads to their binding to Ti-O networks on the TiO2 crystallite surface that limits
the anatase phase growth by reducing the interactions between crystallites and the Ti and O
atom rearrangement in the lattice. As a result, the crystallite size of Cs-containing TiO2
nanofibers was reduced. Lastly, the XRD reflections at 20 = 26.6° and 41.9°, corresponding to
the (002) and (100) diffraction planes of h-BN, confirmed h-BN incorporation in the BN/TiO2
and BN/1.5% Cs2COs/TiO2 samples [59]. BN addition led to a decrease in the crystallite size

of the anatase phase to 6+1 nm and the formation of small amounts of brookite phases.
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Fig. 2 (@) XRD patterns and (b) Raman spectra of TiO, (TCs0) nanofibers, and of 0.25% Cs,CO3/TiO,
(TCs0.25), 0.5% Cs,COs/TiO, (TCs0.5), 1% Cs,COs/TiO, (TCsl), 1.5% Cs,COs/TiO, (TCsl.5), 2.5%
Cs,CO3/TiO; (TCs2.5), BN/TiO2 (TCsOB) and BN/1.5% Cs,CO3/TiO; (TCs1.5B) composite nanofibers.

Inset: excitation spectra monitored at 1360 cm™.

The Raman spectra of all samples (Fig. 2b) included the Raman-active modes of TiO2 anatase
phase at 147.9 cm™ (Eg), 197.2 cm™ (Eg), 396.8 cm™ (B1g), 513.3 cm™ (A1g+Bu1g), and 635.7
cm? (Eg) [60]. The Raman spectra of the BN/TiO2 and BN/1.5% Cs2CO3/TiO2 samples
displayed a peak at 1362 cm™ attributed to the E2g mode of h-BN [50]. Compared with the
TiO2 sample, after Cs2COs addition the vibration peaks were characterized by a slight blue
shift and wider width. These changes are explained by the destroyed anatase lattice and
formation of small rutile and brookite amounts and by Cs.COs effects on the nanofiber
surface [34, 61]. Moreover, strong chemical interactions between TiO2 and h-BN nanofibers
could influence the TiO2 lattice vibrational characteristics, leading to asymmetric peak
broadening, besides the Cs2COs effect highlighted by XPS [62].

In addition, in the FTIR spectra of TiO2 without and with Cs2COs and/or h-BN, the
peak at 650-900 cm ™ and the weak bands at 2800-2900 cm™* were due to Ti—O bonding [50]
and C-H bonds from organic precursors, respectively (Fig. S1). In the FTIR spectra of BN-
containing samples, the bands at 800 and 1381 cm™ were caused by out-of-plane bending of
sp?-bonded B-N-B and in-plane stretching of sp?-bonded B—N, respectively [63]. The new
bands at 1370 cm™ were caused by B-O-Ti vibrations [64]. The additional peaks at 1238 cm™

and 894 cm?, attributed to B-O in-plane and out-of-plane bending, demonstrated B-O
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bonding in h-BN nanosheets [65]. Moreover, the typical bands in the fingerprint areas were
slightly shifted, showing strong interactions between h-BN and TiO2z [66]. This suggests the
synthesis of h-BN-TiO2 composites.

EDX analysis of several nanofibers in each sample confirmed Cs'* incorporation in
TiO2 nanofibers. The Cs'*/Ti* atomic ratio increased with Cs2COs amount (25> 15> 1>
0.5 > 0.25 mol%), in agreement with the experimental values. The elemental mapping image
(Fig. S3) showed that Cs and BN were homogeneously and evenly distributed on TiO2 surface
in the BN/1.5% Cs2CO3/TiO2 sample.

Additionally, atomic absorption spectroscopy showed that the Ti:Cs atomic ratio in
1.5% Cs2CO3/TiO2 and BN/1.5% Cs2COs/TiO2 composite nanofibers was approximately
1.598:0.024. The Ti:Cs mole ratio in the electrospinning mixture was 0.985:0.015. This
suggests that the Cs precursor was effectively loaded on TiO2 nanofibers because the Cs
quantity in the produced samples was similar to the concentration used in the electrospinning
tests. Furthermore, the identical Ti and Cs contents in 1.5% Cs2COs/TiO2 and BN/1.5%
Cs2C0s/TiO2 composite nanofibers suggest that nanofiber composites are reproducible.

The morphology and structure of the photocatalysts were assessed by SEM and TEM.
SEM images of the as-synthesized composite nanofibers (Fig. 3a-h) showed that all samples
were composed of a highly interconnected network of continuous, randomly oriented TiO2
nanofibers. Moreover, the nanofiber diameter decreased from 240 nm in pristine TiO2 to 115
nm, 70 nm, and 57 nm in 3% Cs2CO3/TiO2, BN/TiOz2, and BN/3% Cs2COs/TiO2 nanofibers,
respectively (Fig. S2). The nanofiber diameter reduction with increasing Cs concentrations
could be attributed to the difference between Ti** and Cs'* ionic radius that may cause a
perturbation in the anatase crystal structure, thus hindering crystal growth [67]. To confirm
Cs2C0O3 homogeneous distribution with TiOz, nanofibers were analyzed by high-resolution
TEM (Fig. 3i and j). The tetragonal structure of TiO2 in pristine TiO2 nanofibers and in
BN/1.5% Cs2COs/TiO2 composite nanofibers was confirmed by their interplanar spacing
(0.35 nm and 0.31 nm, respectively) that corresponded to the (101) plane (Fig. 3i and j, inset).
The d spacing decrease in BN/1.5% Cs2COs3/TiO2 compared with TiO2 nanofibers indicates d-
spacing shrinking due to the effect of BN and Cs2COs on TiO2 lattice. The selected area
electron diffraction (SAED) patterns of TiO2 and BN/1.5% Cs2COs/TiO2 samples are in the
inset of Figure 3i and j. Upon Cs2COs incorporation, crystallinity changed from pure anatase

to a polycrystalline structure.
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Fig. 3 SEM images of a) pristine TiOz, b) 0.25% Cs2COs/TiO2, ¢) 0.5% Cs2COs/TiO2, d) 1% Cs2COs3/TiOz, €) 1.5%
Cs2C03/TiO2, f) 2.5% Cs2C03/TiO2, g) BN/TiO2, h) BN/1.5% Cs2COs/TiO after calcination at 400 °C, and high-resolution
TEM images of i) pristine TiOz and j) BN/1.5% Cs2COs/TiOz with the respective selected area diffraction patterns in the

inset.

Brunauer-Emmett-Teller (BET) surface area measurements further demonstrated that
Cs2COs3 presence resulted in a reduction in the size of the crystallites and diameter of the
generated nanofibers. The surface area should increase as the crystallite size shrinks.
According to the BET results, the surface areas of TiO2, 0.25% Cs2COs/TiO2, 0.5%
Cs2C0s/TiO2, 1.0% Cs2COs/TiO2, 1.5% Cs2COs/TiO2, 2.5% Cs2COs3/TiO2, BN/TiO2, and
BN/1.5% Cs2CO3/TiO2 were 11, 29, 39, 50, 62, 68, 15, and 70 m? g%, respectively. It is worth
noting that the surface area increase is a key factor for improving the catalytic activity [68,
69]. The larger specific surface area of BN/1.5% Cs2CO3/TiO2 could allow the rapid diffusion

of reactants and products, thus enhancing the photocatalytic reaction [34, 70].
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As the nanofiber photocatalytic activity is linked to the formation of oxygen
vacancies, the EPR spectra of the different composites were generated. In the room
temperature cw EPR measurements at 9.86 GHz (Fig. 4a), a relatively sharp, symmetrical line
(ABpp = 5 G) of g = 2.003-2.004 was detected. A similar symmetrical EPR signal was
previously described for TiO2 samples and was attributed to electron trapping at an oxygen
vacancy [71-74]. Compared with pristine TiOz, this signal slightly increased upon addition of
low Cs2COs concentrations (<1 mol%; g close to 2.004 and ABpp = 6 G), and clearly
decreased after incorporation of higher Cs2COs amounts, particularly 1.5 mol% Cs2CO:s.
Similarly, after BN incorporation, the signal intensity decreased and g values were slightly
shifted, compared with pure TiO2. In the BN/1.5% Cs2COs/TiO2 composite sample, EPR
signal intensity was slightly lower than in the BN/TiO2 sample, but higher than in the 1.5%
Cs2CO0s/TiO2 composite. These observations indicate that addition of both BN and Cs does
not strongly affect the EPR active defects, presumably located mainly at the surface,
compared with the single addition of Cs or BN. On the other hand, both Cs and BN
significantly reduced the number of the EPR active defects. It should be noted that EPR active
defects are only a subset of all defects that are found in TiO2 and that may also be affected by
BN or Cs.

Then, the optical band gap of the prepared TiO2 nanofibers was investigated by UV—
vis absorbance measurements (Fig. 4b) and their band gap energy (Eg) was estimated with the
Kubelka— Munk formula [56]:

F=((1-R))/2R 1)

(Fhv)¥2 = A(hv—Eg) 2

where F, R, hv, and Eg are the Kubelka—Munk function, reflectance, photon energy
and band gap, respectively.

Comparison of the Eg values of the different samples (Table 1) showed that upon
Cs2COs incorporation in TiO2 nanofibers, Eg increased from 3.18 eV (pristine TiO2) to 3.36
eV (2.5% Cs2C0O3/TiO2). The blue-shifted band gap (related to Eg increase) might be due to
the reduction of TiO2 grain size following Cs2COs incorporation, as confirmed by the XRD
data.

As XPS measurements indicated that Cs* cannot replace Ti**, no bulk Cs doping of

TiO2 was expected. However, in TiO2-Cs2COs heterostructures, TiO2 work function is
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reduced and Fermi level position is increased [75-77]. The formed Cs2COz3 nanolayer surface
results in an increase of free electron concentration on the surface area. The results correlate
with data obtained in [78], where Cs2COs addition to TiO2 resulted in an increase of the
charge concentration to 1027-10% m,

In the photoluminescence spectra of Cs2CQOs/TiO2 nanofibers (Fig. 4c), the observed
peaks in the wavelength range of visible light corresponded to oxygen vacancies [79].
Introduction of Cs2CO3 and BN in TiO2 structure led to photoluminescence quenching. It was
reported that the free electron lifetime in Cs2COs/TiO2 nanostructures is shorter than in
unmodified TiO2 [75]. This explains the photoluminescence intensity decrease of
Cs2COs3/TiO2 nanostructures. The photoluminescence intensity reduction of BN/TiO2
nanostructures could be due to a charge separation increase [80].

In agreement with the EPR results, photoluminescence quenching indicates a reduced
number of oxygen defects upon Cs or BN introduction, suggesting the increase of
photoinduced charge separation.

We previously reported that TiO2-BN nanostructures display a band gap red shift and
higher visible light absorption [80]. The band gap of the BN/1.5% Cs2COs/TiO2 sample was
lower than that of Cs2COs/TiO2 samples due to the competing effects of a band gap blue-shift
(size effect) and a band gap red-shift (BN exfoliation). This suggests that the additional
modification of Cs2COs-modified TiO2 nanofibers with h-BN species may have a synergistic

effect due to increased light absorption.

Table 1. Band gap values of pure TiO2 nanofibers, and after modification with Cs2CQO3
or/and BN

Sample Band gap (eV) Sample Band gap (eV)

TiO, 3.1840.02 1.5% Cs,COs/TiO, 3.2940.01
0.25%

Cs,CO4/TiO; 3.2140.03 2.5% Cs,CO3/TiO; 3.360.03
0.5%

Cs2CO3/TiO, 3.2840.01 BN/TIO, 3.16+0.02
1.0%

Cs,CO4/TIO, 3.27%0.02 BN/1.5% Cs,CO4/TiO, 3.240.04
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Fig. 4 (a) cw EPR measurements at room temperature of pristine TiO, (TCs0), 0.25% Cs,COs/TiO; (TCs0.25),
0.5% Cs,CO3/TiO; (TCs0.5), 1% Cs,COs/TiO, (TCsl), 1.5% Cs,COs/TiO, (TCsl.5), 2.5% Cs,COs/TiO;
(TCs2.5), BN/TiO, (TCs0B), and BN/1.5% Cs,CO3/TiO, (TCs1.5B) (9.86 GHz mw frequency, modulation
amplitude 2 G, modulation frequency 100 kHz). (b) Plot of the transformed Kubelka—Munk function versus light
energy to calculate the band gap energy of TCs0, TCs0.25, TCs0.5, TCsl, TCsl.5, TCs2.5, TCsOB, and
TCs1.5B. (c) Photoluminescence spectra of the TCs0, TCs0.25, TCs0.5, TCsl1, TCsl.5, TCs2.5, TCs0B, and

TCs1.5B samples.

0.0

3.2. Photoelectrochemical performance

Then, EIS was used to predict the mechanism of photocatalytic Hz2 generation by the
synthesized photocatalysts (Fig. 5a). The arc radius of Cs2COs/TiO2 electrodes was much
smaller than that of the bare TiO2 electrode. Moreover, the arc radius of BN/1.5%
Cs2C0Os/TiO2 was smaller than those of bare TiO2 and h-BN. This result further demonstrated
that Cs2COs/TiO2 electrodes display a much higher separation efficiency of photogenerated e
/n* pairs and a faster charge-transfer than the TiO2 electrode at the solid-liquid interface.

Therefore, Cs and BN incorporation in TiO2 is an interesting strategy to enhance its
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photocatalytic performance [81]. Impedance was significantly decreased after Cs2COs
addition, indicating a lower charge transfer resistance across the electrode/electrolyte
interface. The smallest arc radius was observed with the BN/1.5% Cs2COs/TiOz electrode. Its
lowest impedance can facilitate interfacial charge transfer and increase the separation

efficiency of photoinduced carriers, thus enhancing photocatalysis efficiency.

3.2.2 Ha generation reactions

The photocatalytic performance of the different nanofibers was investigated by monitoring Hz
generation by water splitting in an aqueous solution containing methanol as scavenger in the
presence of visible light (Fig. 5b). Methanol molecules scavenge the holes, thus decreasing e
/h* recombination, whereas electrons react with protons to produce Hz. Zhu et al., Patra et al.,
and Wang et al. described methanol role in photocatalytic reactions (Table 2). When using
pristine TiO2, H2 production was low (110 pmol-g*-h™), due to the rapid e/h*
recombination, fast backward reactions, and large energy band gap (3.19 eV) [82]. Cs2CO3
addition significantly increased Hz production rate, suggesting that the heterojunction formed
between Cs2COs and TiO2 contributed to the efficient charge separation across the interface.
Therefore, the enhanced photocatalytic activity can be explained by the synergistic effect of
the heterojunction composition on increasing TiO2 optical absorption and on decreasing e/h*
recombination rate. Nada et al. evaluated the photocatalytic activity of Gd**-doped TiOz for
H2 production under visible light [34]. They found that metal ion doping influences TiO2
photocatalytic activity by altering the band gap energy and conduction band position or the
hole lifetime in the valence band. Moreover, doping led to lattice defects that acted as electron
(or hole) traps, thus increasing the e/h™ pair lifetime and the photocatalytic activity. Patra et
al., Linetal., and Lu et al. reported similar results on the photocatalytic activity of metal ion-
doped TiO2 (Table 2).

Comparison of the TiO2 catalysts with different Cs2COs mol% (Fig. 5b) indicated that
the best catalytic activity was obtained with the 1.5% Cs2COs/TiO2 sample (Hz evolution rate
of 9,853 umol-g *-h™1). With lower Cs2CO3 mol%, photocatalytic activity decreased, likely
due to the absence of enough active sites to produce higher Hz amounts. The 2.5%
Cs2C03/TiO2 sample gave a Hz evolution rate of 8,220 umol-g*-h™. This decrease might be
explained by Cs “shielding effect”. Indeed, the photocatalytic activity decrease can be
attributed to the following reasons: (i) increase in the opacity that leads to a decrease of the
incident light absorption [83]; (ii) charge carrier recombination, (iii) catalyst agglomeration,
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(iv) self-filtering effect, (v) higher light dispersion, and (vi) shadow effect of metals [9] [17]
[52] [84-86].
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Fig. 5 (a) EIS of pristine TiO, (TCs0), 0.25% Cs,COs/TiO, (TCs0.25), 0.5% Cs,CO3/TiO, (TCs0.5), 1%

Cs,CO3/TiO; (TCs1), 1.5% Cs,COs/TiO; (TCs1.5), 2.5% Cs,CO3/TiO, (TCs2.5), BN/TiO, (TCsOB), and

BN/1.5% Cs,COs/TiO, (TCs1.5B) composites. (b) Photocatalytic performance (H. evolution rate) of the
indicated catalysts.

Then, analysis of BN/TiOz2 and BN/1.5% Cs2CQOzs/TiO2 photocatalytic activity (Fig.
5b) showed that the H2 evolution rate increased from 110 pmol-g *-h™* with pristine TiO2 to
194 pmol-g *-h™ with BN/TiOz and to 15,823 pmol-g *-h™ with BN/1.5% Cs2COs/TiO2 (i.e.
the highest Hz production capacity in this study). This outstanding performance could be due
to the co-catalyst effect of BN on TiO2 surface that limits e/h* recombination and enhances
the photo-exciton lifetime [82]. Comparison of the present Hz production yields with those of
previous studies (Table 2) suggests that BN and Cs might play an important synergistic role in
enhancing Hz production by photocatalysis.

The photocatalytic mechanism of Hz production in the presence of BN/1.5%
Cs2C03/TiO2 composite nanofibers could be explained by the following observations: i)
increase of the band gap after formation of the Cs2COs layer (as indicated by the optical
properties of Cs2COs/TiO2 samples). The opposite effect was observed in SnO2/Cs2COs3
composite nanofibers [87] where band gap reduction was explained by a shift of SnO2 valence
band [87]; ii) Cs2COs effect on the TiO2 layer crystallization and/or the formation of new
secondary phases by diffused Cs-related species [55]; iii) position shift of the TiO2 conduction

band and work function reduction upon Cs2COs deposition on TiO2 [55]. However, no
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significant changes in TiOz crystalline structure and optical properties were observed [55].
Therefore, Cs2COs/TiO2 interface defines charge separation, optical properties and
photocatalytic properties. Moreover, it was reported that Cs2COs on metal oxide can be
partially transformed into Cs oxides with low band gap [55, 88, 89]. However, peaks related
to Cs oxides were not detected in the XRD spectra of our samples. On the basis of the Raman
analysis results, it could be hypothesized that TiO2/Cs2COs composites with amorphous phase
and defect levels are formed at the TiO2/Cs2COs interface. The defects support the transfer of
photogenerated charges to TiO2 band gap. The photogenerated holes and electrons are
separated due to the formed interface layer. The suggested mechanism with the energy levels
alignment is illustrated in Figure 6, where electron affinity (y), work function (®) and band
gap (Eg) are 2.2, 3.23 and 4.2 eV, respectively, for Cs2COs [88, 90] and 3.43, 4.23 and 3.2 eV,
respectively, for TiO2 [91]. In our work, the F1 and F2 (Fermi level of TiO2 and Cs2COs3)
were 0.80 eV and 1.03 eV, respectively. Thus the built-in potential (Vbi) was 0.23 eV and the
AEc and AEy were -1.23 and 0.21 eV, respectively (Fig. 6). Moreover, BN role is important in
reducing the e/h* recombination rate. BN is negatively charged and contacts the whole

nanofiber surface. BN role is to capture photogenerated holes [92].

Cs,CO;

— AE=-123 eV

holes

e clectrons

\ AE=021¢y == Defects

BN

Fig. 6. Mechanism of H, production by photocatalysis in the presence of BN/Cs,CO3/TiO, and energy
levels of BN/Cs,COs/TiO, composite nanofibers. Arrows?

Table 2 summarizes the key findings about previously described metal- and non-

metal-doped TiO2 photocatalysts for Hz production. The highest Hz production was achieved
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when metals were used as modifiers. Moreover, TiO2 efficiency was significantly enhanced

when more than one modifier was used, such as N, B-N and BN. These findings are in

agreement with those reported in the present study. Compared with these photocatalysts, our

composite nanofibers displayed a good photocatalytic activity.

Table 2. Metal and non-metal doped TiO- photocatalyst activity for Hz evolution.

Catalyst Preparation Hz (umol gt h- Sacrificial Reference  Light source
technique D) agent
BN/1.5% Electrospinning 2,638 Methanol Thiswork 500 W halogen
Cs2CO3/Ti lamp
02
1.5% Electrospinning 1,642 Methanol Thiswork  500W halogen
Cs2CO3/Ti lamp
02
Ga/N-TiO; Sol-gel 5.32 Methanol [93] 125 W mercury
lamp
BCN-TIiO; High-temperature  68.54 Tri- [94] 300 W xenon lamp
calcination ethanolamine
Pt/B-N-TiO, Hydrothermal & 8,200 Glycerol [95] 300 W xenon lamp
heat treatment
Ag-Au/TiO,  Photodeposition 718 Methanol [96] 300 W, mercury
lamp
Si,Fe-TiO> Sol-gel 2,000 Ethanol [97] 500 W xenon lamp
g-CsN4/TiO2  Sol-gel 560 Methanol [98] 500 W xenon lamp

Lastly, the BN/1.5% Cs2COs/TiO2 photocatalyst stability and recyclability were

monitored in four consecutive runs of 6 h under visible light irradiation (Fig. 7). H2

production rate slightly decreased (not significantly) by 928 umol-gt-h™! (i.e. ~6% of

reduction), after four runs. This showed the excellent reusability and stability of BN/1.5%
Cs2C0s/TiO2 nanofibers.
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Fig. 7 Recycling test of BN/1.5% Cs,COs/TiO,.

4. Conclusion

This study reports the synergistic effect of Cs and BN on TiO2 photocatalytic activity
during water splitting under visible light irradiation. TiO2 photocatalysts (with/without Cs
and/or BN) were easily and efficiently generated using electrospinning. The characterization
of their structural, morphological and optical properties highlighted the improved
photocatalytic activity of Cs-modified TiO2 nanofibers upon exposure to visible light
compared with pristine TiO2 nanofibers. Their photocatalytic activity was further improved
by BN addition that reduced charge recombination. Specifically, the band gap was narrower
and the photogenerated e/h™ pair recombination was reduced in BN/TiO2 compared with
pristine and Cs-modified TiO2 nanofibers. Holes were scavenged rapidly by h-BN nanosheets
due to the electrostatic attraction between the hole positive charge and BN negative charge. In
addition, BN on TiO2 surface contributed to promote e/h* separation and to extend the photo-
excitons lifetime. The BN/1.5% Cs2CQO3/TiO2 nanocomposite showed the best photocatalytic
activity for Hz production, i.e. 143 times higher than that of pristine TiOs2.
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