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Abstract

This study reports the fabrication of graphene oxide (GO)-modified TiO; thin films with enhanced
catalytic performance for H> evolution via NaBH4 hydrolysis and photocatalytic methylene blue
(MB) dye removal under UV irradiation. Among the investigated GO concentrations, the sample
containing 100 pg of GO per 1 mL of TiO; slurry paste (TiO2-100) exhibited the best performance
in both processes. Specifically, MB removal increased by approximately 14%, while the hydrogen
evolution rate improved by approximately 27.3%. The enhanced MB removal can be associated
with enhanced electron transfer and suppressed charge recombination in TiO;-100, while the
enhanced H; evolution may be associated with changes in surface chemistry and improved
interfacial interactions between the catalyst and aqueous reactants. The obtained results
demonstrate the good potential of GO-modified TiO> thin films as low-cost catalysts for

environmental remediation and hydrogen generation applications.
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1 Introduction

Photocatalytic removal of pollutants using low-cost metal oxide semiconductors has attracted
growing interest as a promising approach to addressing water pollution [1, 2]. Ideal photocatalysts
should combine following features: low cost, high structural stability, efficient light activation,
and the ability to generate reactive species for pollutant removal. Among various metal oxide

semiconductors, TiO; is particularly attractive owing to its chemical stability and favorable



photocatalytic properties. As an n-type semiconductor with a wide band gap of approximately 3.2
eV, TiO can generate reactive species under UV irradiation [3]. However, the recovery and reuse
of dispersed TiO; nanostructures after water treatment can be challenging, potentially leading to
secondary contamination. Using TiO; nanostructures in thin-film architectures offers a practical
solution, enabling photocatalytic pollutant removal while facilitating reuse of photocatalytic film.
Furthermore, low-cost UV LED sources, potentially powered by renewable energy, could provide

an energy-efficient means of activating TiO2-based photocatalytic films.

For photocatalytic films, reaction kinetics are generally expected to be slower than those of
dispersed nanostructures. Therefore, TiO>-based photocatalytic films are often combined with 2D
materials, such as reduced graphene oxide (rGO), or graphene oxide (GO), to improve conductivity
and facilitate charge separation. For example, electrochemically grown TiO2-GO films increased
the Reactive Yellow 145 dye degradation rate to approximately 77.8% compared with bare TiO-
films [4]. Another report suggested that degradation rate of methylene blue (MB) dye with GO-
TiO, film was higher to ~ 14.7% as compared to bare TiO> film [5]. Hence, these studies highlight
the potential of 2D materials to enhance the degradation kinetics of organic pollutants in water

using TiO2-based photocatalytic films.

On the other hand, the potential of 2D material-modified TiO> thin films for catalytic hydrogen
evolution during NaBH4 hydrolysis remains unexplored, with most reported catalysts employed in
powder form [6-8]. Therefore, this study focuses on optimizing the GO concentration in
mesoscopic TiO; films for photocatalytic MB dye removal and catalytic H> evolution via NaBH4

hydrolysis.
2 Experimental section
2.1 Materials and synthesis of films

High grade reagents were purchased from Merck and used as received. TiOz-based slurry pastes
containing different GO concentrations were prepared according to our previous report [9], while
bare TiO» paste served as a reference. The pastes were labeled according to GO concentrations
and deposited onto pre-cleaned glass substrates (26 x 15 mm) using a Spin-1200T spin coater

(Midas System Co., Ltd.) at 2000 rpm for 20 s. The as-deposited films were dried under ambient



air conditions for 2 hours, followed by annealing at 500 °C (5°C/min heating rate) for 1 hour in a

tube furnace under vacuum conditions to prevent GO burning.
2.2 Instruments

The surface morphology of the prepared samples was examined using a ZEISS Crossbeam 540
field-emission scanning electron microscope (FESEM). X-ray diffraction (XRD) was performed
using the Smartlab Rigaku system with Cu Ka radiation (A = 1.54056 A). A LabRam Evolution
system (Horiba Ltd.) was employed to perform the Raman analysis of the samples. X-ray
photoelectron spectroscopy (XPS) analysis was performed using an Omicron MultiProbe X-ray

photoelectron spectrometer.

Photocatalytic MB removal was evaluated using 10 mL of an aqueous MB solution (10 ppm) in a
quartz vial. The film-coated glass substrate was immersed in the solution, and the vial was
irradiated with a UV lamp (365 nm, 190 mW/cm?). At predetermined time intervals, aliquots of
the solution were withdrawn and analyzed using a Genesys 50 UV-Vis spectrophotometer. After
each measurement, the solution was returned to the quartz vial to continue the photocatalytic
experiment. All experiments were performed in triplicate to ensure the reproducibility of the

results.

For Hz evolution experiments, the film-coated glass substrate was immersed in an aqueous solution
containing 50 mg of NaBH4 in 30 mL of deionized water. The purity of the evolved H> was verified
using an industrial multigas analyzer (S360), while the amount of H> generated was determined

using the water displacement method. All experiments were performed in duplicate

3 Results and Discussion

In the first step, MB removal was evaluated over the first 20 min as a function of GO concentration
in the TiO: films. As shown in Figure 1, the incorporation of GO flakes enhanced the
photocatalytic removal of MB. Bare MB dye and bare TiO> thin films were also used as reference
samples. One can observe that MB removal in first 20 min without any catalyst was found to be ~
8.2 %. In the presence of bare TiO2, the MB removal was increased to ~ 9.05%. However, samples

with GO showed higher removal rate, especially for TiO2-100 sample, which showed the best



photocatalytic MB removal of ~ 10.3 %. Further increase in GO content not significantly enhanced
the photocatalytic MB removal, hence, Ti02-100 sample was found to be the optimal one and used

further for experiments.
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Figure 1. Photocatalytic MB removal comparison with and without GO-TiO; thin films at first 20

min.

Next, kinetics of MB removal with bare MB solution, bare TiO>, and TiO2-100 sample were
monitored. Figure 2 shows that MB removal in the absence of a catalyst plateaued after the first
20 min, with no substantial further increase. In contrast, MB removal steadily increased over time
in the presence of bare TiO2 and TiO2-100 films, with the latter exhibiting slightly higher
photocatalytic activity. This trend was further supported by the apparent degradation rate
constants, with the catalyst-free MB solution showing the lowest value (ka = 0.0013 min™'). The
apparent degradation rate constants of bare TiO> and TiO>-100 were 3.31 (ko = 0.0043 min™') and
3.76 (ka = 0.0049 min™") times higher, respectively, than that of the catalyst-free solution.
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Figure 2. Photocatalytic MB removal kinetics of bare MB, bare TiO, and TiO>-100 sample, and

corresponding apparent degradation rate constants calculations.

For practical applications, MB removal with the optimal TiO2-100 films was further evaluated at
different pH values, in simulated saline water (3.5 wt.% NaCl), and in the presence of various
scavengers to identify the reactive species involved. Figure 3 shows that MB removal decreased
at lower pH, potentially due to competition between H* ions and positively charged MB molecules
for adsorption sites on the film surface. In contrast, higher pH increased the availability of OH™
ions, which may contribute to the generation of additional reactive species and thereby enhance
MB removal [10]. In NaCl solution, Cl™ ions can react with photogenerated holes, leading to the
formation of chlorine radicals (Cl*) [11, 12]. As observed, the MB removal rate in the presence of
NaCl was approximately three times higher than under pH=6 conditions. These results suggest that
chloride-containing salts, which are commonly found in natural waters, may significantly enhance

MB degradation.

Finally, scavengers were added to the MB solution to investigate the dye removal mechanism. In
the absence of scavengers, MB removal reached 10.35% after first 20 min. The addition of IPA
markedly reduced MB removal to 3.4%, suggesting that hydroxyl radicals (¢*OH) play a major role
in MB degradation. In contrast, Na2SO4 increased MB removal to 19.3%, indicating that sulfate-

derived reactive species, potentially including SO4¢~, may further promote degradation [13, 14].



The addition of BQ slightly decreased MB removal to 9.2%, suggesting that electron-mediated

pathways may contribute to the process but are not dominant.
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Figure 3. Photocatalytic MB removal with TiO2-100 film at different pH values, in simulated

saline water (3.5 wt.% NaCl), and in the presence of various scavengers.

In the next step, the prepared films were evaluated for catalytic H» evolution in NaBH4 hydrolysis
reactions. Figure 4 shows the hydrogen volume generated over 30 min, comparing uncatalyzed
NaBHj4 with bare TiO2 and various GO-TiO; thin films. During the initial 10 min, the thin films
showed minimal differentiation, although all catalytic films outperformed the uncatalyzed NaBH4
hydrolysis. The varied GO loadings produced similar hydrogen evolution volumes, ranging from
~ 4.5 to 5.0 mL. However, clear performance differences emerged at the 20-minute mark, where
the TiO2-100 film took a noticeable lead by generating 12.1 mL of hydrogen, outperforming both
bare TiO2 (10.45 mL) and uncatalyzed NaBH4 hydrolysis (8.3 mL). By the final 30-minute
measurement, the Ti02-100 thin film achieved the highest overall hydrogen volume at 18.2 mL.
This demonstrates that the TiO»-100 film represents the optimal composite, in which the balance
between exposed TiO: active sites and the GO network is maximized to facilitate high H»
generation. The pronounced decline at higher GO concentrations suggests that excess GO can

shield the active catalytic sites and hinder the overall hydrolysis reaction.
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Figure 4. Uncatalyzed and catalyzed H» evolution during NaBH4 hydrolysis

Next, the NaBH4 hydrolysis was evaluated at various temperatures with bare NaBH4 and optimal
Ti02-100 films. Figure 5 shows that H> evolution increased with temperature for both systems.
Enhancements in Hz evolution (~23-28%) were observed at all temperatures, demonstrating that

Ti02-100 consistently promotes the hydrolysis reaction.

50 mg NaBH,, a) 50 mg NaBH +Ti0,-100 b)

B e asec B e asec \
5161 —e—20°C 5161 —+—20°C
B ——10°C E ——10°C
=144 A S 4]
= =
@ @
Bz 212
S i
Z10 .10/
= =
S 8 S 8
- -
g E
2 61 2 61
g £
< 44 < 44

2+ 24

0 5 10 15 20 25 30 0 5 10 15 20 25 30

Time (min) Time (min)

Figure 5. Uncatalyzed and TiO2-100 catalyzed H> evolution during NaBH4 hydrolysis at different

temperatures.

The morphological and structural differences between the bare TiO, and optimal TiO>-100 films
were further assessed using FESEM, XRD, Raman, and XPS. Figure 6 shows that the TiO> and



Ti02-100 films exhibit very similar morphology - a porous network of TiO: nanoparticles

assembled into a film. At this low loading concentration, the GO flakes are likely well dispersed

within the TiO2 matrix, as no GO flakes are observed on the film surface.

Figure 6. FESEM images of (a) TiO> and (b) TiO2-100 films. Scale bar — 300 nm.

The XRD patterns of the bare TiO; and optimal TiO»-100 films, together with the reference pattern,

are depicted in Figure 7. Both samples match the anatase TiO; reference pattern, with the main
reflections appearing at approximately 25.3° (101), 37.8° (004), 48.0° (200), 53.9° (105), 55.1°
(211), and 62.7° (204), along with some weaker reflections at higher angles [3, 15]. The reflection

peak positions of the two films are essentially identical, and no GO or graphite (002) reflection

near 26.5° is detected, which is typical of low GO loadings. Notably, no other TiO> phases are

detected, suggesting that both samples are in anatase phase.
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Figure 7. XRD patterns of bare TiO> and TiO2-100 films.

Raman analysis of the bare TiO; and TiO2-100 films was performed to confirm the successful
incorporation of GO. Figure 8 shows that both samples exhibit similar peaks associated with the
anatase TiO» structure, whereas the Ti0>-100 film displays two additional broad bands at ~1345
cm™! (D) and ~1590 cm™ (G) that are absent in bare TiO,. The D-band appears because of lattice
disorder and structural defects introduced by oxygen-containing epoxide and hydroxyl groups on
the carbon basal plane, whereas the G-band is usually attributed to the in-plane stretching vibration
of sp>-hybridized C-C bonds characteristic of graphitic domains [5]. The appearance of these two
characteristic peaks confirms the successful incorporation of the GO structure into the TiO> films.
The D-band intensity is comparable to that of the G-band, with Ip/Ig = 0.95, and both bands are
broad, indicating that a defective GO structure, rather than pristine graphene, exists within the

TiO; films.
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Figure 8. Raman spectra of bare TiO2 and Ti02-100 films.

Finally, the samples were characterized by high-resolution XPS. The Figure 9 compares the high-
resolution C 1s, O 1s, and Ti 2p spectra of bare TiO> (a-c) and TiO»-100 (d-f). The atomic
percentages show only small differences between the samples: Ti decreases slightly from 30.72 to
30.10 at.%, while O increases from 66.12 to 66.27 at.% and C from 3.16 to 3.63 at.%. In the C 1s
spectra, both samples exhibit a dominant component at 284.8 eV, assigned to C-C/C=C bonds,
together with higher-binding-energy components attributed to C-O-C and O-C=0 groups. For bare
TiO2, these components are located at 286.1 and 288.7 eV, respectively, whereas for TiO2-100



they appear at 286.6 and 288.4 eV. The slightly higher carbon content of Ti02-100 (3.63 at.% vs.
3.16 at.% for bare Ti0O;) and the observed oxygen-containing carbon components are consistent
with the presence of GO in the TiO>-100 film. The O 1s spectra of both samples are dominated by
the Ti-O component, located at 529.8 eV for bare TiO; and 529.6 eV for TiO2-100. A higher-
binding-energy contribution at approximately 531 eV is assigned to surface hydroxyl groups. The
Ti 2p spectra show the characteristic Ti 2p3»2 and Ti 2p1»2 peaks at 458.6 and 464.2 ¢V for bare
TiO2, and 458.47 and 464.1 eV for TiO2-100, respectively. These small binding-energy shifts
indicate that the Ti chemical state remains broadly similar following GO modification, with no
substantial change in the principal Ti-O bonding environment. Overall, the small increase in
carbon content and the C 1s components associated with oxygen-containing carbon groups are
consistent with GO incorporation, while the Ti 2p and O 1s spectra indicate that the TiO>

framework is largely retained.

The beneficial effect of GO incorporation may be explained by two possible contributions: during
photocatalysis, GO may promote charge separation and suppress electron-hole recombination,
whereas the enhanced H» evolution during NaBH4 hydrolysis may be related to changes in surface

wettability, reactant adsorption, and the accessibility of catalytic sites.
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Figure 9. High resolution XPS analysis of C, Ti, and O elements of (a, b, c) TiO2 and (d, e, f)
T10,-100 films.

4 Conclusion

In this study, GO-modified mesoscopic TiO> films were investigated for MB photodegradation
and H> evolution during NaBH4 hydrolysis. The GO loading influenced the performance of the
films, with TiO2-100 exhibiting the most pronounced improvement among the tested
compositions. Under UV irradiation, TiO2-100 achieved approximately 14% higher MB removal
than bare TiO», while its H> generation rate during NaBH4 hydrolysis increased by 27.3%. High-

resolution XPS showed that GO incorporation caused only minor changes in surface composition

11



and did not substantially alter the principal Ti-O chemical environment. The enhanced
performance may therefore be associated with interfacial effects of GO, potentially including
improved charge separation during photocatalysis and changes in surface wettability, reactant
adsorption, or catalytic-site accessibility during NaBH4 hydrolysis. These findings highlight the
potential of GO-modified TiO> films as versatile catalysts for environmental remediation and

hydrogen generation.
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