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Synthesis of new graphene oxide/TiO, and
TiO,/SiO> nanocomposites and their evaluation
as photocatalysts+t
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This article discusses the synthesis and characterization of various composites of graphene oxide with P-25
and TiO,/SiO, hybrid materials, as well as their photocatalytic behavior. Different synthetic routes to these
composites were studied, including treatment with heat (300-500 °C) in a tube furnace and mechanical
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treatment with ultrasound. Two different types of graphene oxide were used: edge-functionalized
graphene oxide (edge-GO) and graphene oxide produced using the Hummers method (Hum-GO). The
photocatalytic activity of the different nanocomposites was analyzed by studying the degradation of methyl

orange (MO) and the photocatalytic reduction of benzaldehyde. The influence of the different graphene
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1. Introduction

In recent years, an important research goal has been the
development of optimized systems for using renewable and
clean energy resources." Semiconductors are crucial for
converting solar energy into usable energy, with TiO, being
the most commonly applied. This is due to its specific
physical and chemical properties, which make it suitable for
use in solar cells, dye systems, and electrochemical systems.>
TiO, is advantageous because it has long-term
thermodynamic stability, is non-toxic, has low commercial
acquisition costs, and exhibits wide chemical and physical
stability.* Moreover, TiO, shows high reactivity and can be
used as a redox catalyst, although its reactivity is limited by
the fast electron-hole pair recombination and the low
efficiency of photogenerated electrons.®> However, TiO, has a
wide band gap of between 3.02 eV (rutile) and 3.23 eV
(anatase),® which means that it can only absorb the UV range
of sunlight with wavelengths smaller than 400 nm,
constituting only 2-3% of the total sunlight spectrum.” To
address this issue, the TiO, surface can be doped with
transition metals like Fe, Co, Ni, or Pd.® While the use of
transition metals increases reactivity, it is often non-
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oxide types, TiO, materials, and synthetic routes on the photocatalytic activity will be presented.

economical and expensive. Additionally, cation-doped TiO,
exhibits poor photostability.”

Alternatively, modifying TiO, to utilize visible light and
enhance its photocatalytic activity can be achieved through
the synthesis of nanocomposites with various carbonaceous
materials. This approach has been shown to be effective in
several studies,”** with graphene or graphene oxide being
particularly promising. These materials offer a direct means
of overcoming the low quantum availability and low
adsorption capacity of pure TiO,.*®

Graphene, consisting of single graphite sheets, is a
carbon nanomaterial.®® Since its initial synthesis and
analysis in 2004, research on graphene, graphene oxide
(GO), and reduced graphene oxide (reduced GO) has
proliferated rapidly.’’” GO can be easily prepared via
graphite oxidation, and graphene can be obtained through
the treatment of graphite with suitable solvents or
functionalization.®® Graphene is a two-dimensional sheet of
covalently bonded carbon atoms, which is the smallest
building block of graphite.®® The hexagonal honeycomb
structure of sp*hybridized carbon atoms in graphene
results in unique properties such as remarkable elastic and
intrinsic strength.*® Consequently, graphene is renowned
for its high thermic stability, specific surface area (2630
m? g"), high Young's modulus values, and high room-
temperature carrier mobility, up to 20 x 104 cm® V'
57149742 These exceptional properties of graphene contribute
to its remarkable electronic conductivity. Additionally, the
conduction and valence bands of graphene overlap slightly,
making it a zero-band semiconductor,**** which is ideal for
photocatalytic reactions.
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The combination of TiO, and graphene oxide offers a
promising method for synthesizing a new hybrid material.*’
Compared to pure graphene, which is only stable in solutions
with additives and synthesized in small quantities using the
scotch tape method, graphene oxide can be produced in high
yields. We utilized two different methods to synthesize
graphene oxide. The most widely used method was developed
by Hummers et al. in 1958,*° where the resulting product,
Hum GO 1 (Scheme 1), is obtained in the presence of sulfuric
acid and sodium nitrate, followed by the addition of
potassium permanganate. The resulting material has a large
number of hydroxyl, epoxide, and carboxyl groups on the
surface. The second method, published by Murakami et al. in
2014, synthesizes graphene oxide (edge-GO, GO 2,
Scheme 1) in the presence of sulfuric acid and nitric acid,
resulting in predominantly selective edge-functionalized
carboxyl groups. Both methods produce a more chemically
active material that is readily available for functionalization.
The oxide groups give graphene a polar character, making
the chemical and physical properties more accessible,
although this leads to graphene oxides providing a stable
suspension in solution.**® This is due to supramolecular
interactions through = 7 stacking and hydrogen bonding.**>°
Furthermore, it has been found that graphene oxide exhibits
good adsorption capacities for organic materials.*’

Both materials possess properties that make them suitable
for combination with TiO, to create photocatalysts. This is a
promising heterogeneous system that exhibits remarkable
transparency, absorptivity, and conductivity.>>*> While Hum
GO 1 demonstrates higher redox activity due to its various
oxide groups and defects, GO 2 has a defect-free sp’
hybridized conjugated structure, resulting in greater
conductivity. Both graphene oxides minimize the
recombination of photogenerated electron-hole pairs of
TiO,," which should lead to higher photocatalytic activity
across the UV to visible light range of the solar spectrum.

In this study, we investigate the photocatalytic activity of
various graphene oxide/TiO, (TiO,-GOx%) hybrids, each
synthesized using a different method. We compare their
respective photocatalytic activities to identify any differences
between thermally and non-thermally treated composites. We
will assess the reactivity through the degradation of methyl
orange (MO) and the photocatalytic reduction of benzaldehyde.
Finally, we will employ density functional theory (DFT)
calculations to identify the possible sources of enhanced
photocatalytic activity in the graphene oxide/TiO, hybrids.

Hum-GO 1 GO2

Scheme 1 Structure of the two different graphene oxides applied in
this study.
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2. Experimental section
2.1 Synthesis of GO 2 and composites

Edge-functionalized graphene oxide 2 was synthesized using
a 3:1 mixture of 65% sulfuric acid and 95% nitric acid. The
reaction mixture was sonicated for 3 h to obtain a
homogeneous suspension, which was then stirred at 120 °C
for 24 h. The resulting product was neutralized with sodium
hydroxide solution and washed with deionized water using
ultrafiltration (with a membrane filter of 0.2 pum FG,
FLUOROPORETM) to obtain GO 2 in a high yield.”?

The titanium oxide P25, 545S (P25 + 5 wt% SiO,; specific
surface area: 45 + 10 m”> g~') and 15808 (P25 + 15 wt% SiOy;
specific surface area: 80 + 15 m® g~') were obtained from
Evonik Industries.

In a typical reaction, either GO 2 or commercial Hum GO
1 was mixed with different types of TiO, (P25, 15808, 545S) to
form TiO,-GOx% hybrids (at either 2% or 50% mass ratios of
added graphene oxides). These hybrids were prepared by
either grinding them together in an agate mortar
(mechanical) or by exposing them to ultrasound for two
minutes in a suspension of ethanol (neat). The resulting
hybrids were then treated in a tube furnace under a nitrogen
atmosphere with a heat rate of up to 400 °C to form the final
composite.

2.2 Photocatalytic degradation of MO

As a general procedure, 10 mg of the composite material was
added to an aqueous solution of methyl orange (12 ml, 0.4
mg mL™"). To compare the photocatalytic activity of each
measurement series, all samples were investigated in the
absence of light by wrapping the reaction vessel completely
with aluminum foil. The reaction mixture was stirred in the
dark for 1 h to allow the absorption desorption equilibrium
of MO to settle. After taking 3 mL for reference,
measurements were taken in the presence of light. Each
sample was irradiated with different sources of light, such as
sunlight, a 20 W white LED made by uniTEC (400-800 nm),
and 12 W of ultraviolet light (type Nu 6, 254 nm) from a
distance of 3 cm for 30 min. After each irradiation, 3 mL of
the sample was taken for analysis using UV/vis spectroscopy.
The heterogeneous catalyst was removed using a PTFE
syringe filter (0.2 pm).

2.3 Photocatalytic reduction

Generally, these composite materials were tested in the
photocatalytic reduction of aldehyde under nitrogen
atmosphere. Aldehyde (1 mmol, 1 eq.) was added to a
suspension of TiO,-xGOx% (10 mg) in 10 mL isopropyl
alcohol and potassium hydroxide solution (0.1 mol L™). The
mixture was stirred for 15 h under reflux. To investigate the
influence of photocatalytic activity, the mixture was irradiated
with different sources of light, like 12 W of ultraviolet light
(type Nu-6, 254 nm or 366 nm), 3 W of ultraviolet LED (type
LX 1206, 390-400 nm), 20 W white LED made by uniTEC

This journal is © The Royal Society of Chemistry 2023
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(400-800 nm) and 14 W blue LED made by Acelectronic (400-
550 nm). After 15 h irradiation the reaction is ended by
addition of 4 mL water. The crowed product was extracted
with chloroform (3 x 10 mL), washed with sodium chloride
solution (1 x 10 mL), water (2 x 10 mL) and dried over
MgSO,. Evaporation of the solvent affords the product in
high yields.

Benzyl alcohol 3. Yield (100%) as colourless oil, "H-NMR
(500 MHz, CDCl;-d,, TMS): 6 [ppm] = 4.69 (s, 2 H, CH,), 7.29-
7.33 (m, 1 H, H4) 7.38 (d, J = 5.0 Hz, 4 H, H2, H3, H4, H5).
BC-NMR (125 MHz, CDCl;, TMS): § [ppm] = 65.38 (CH,),
127.08 (C-6, C-2), 127.71 (C-4), 128.64 (C-3, C-5), 141.05 (C-1).

4-Methoxybenzyl alcohol 4. Yield (13%) as yellow oil, 'H-
NMR (500 MHz, CDCl,-d,, TMS): d [ppm] = 3.79 (s, 3 H, CH),
4.61 (s, 2 H, CH,), 6.88 (d, J = 8.7 Hz, 2 H,), 7.28 (d, ] = 8.7
Hz, 2 H). "*C-NMR:*".

4-Methylbenzyl alcohol 5. Yield (100%) as yellow oil, 'H-
NMR (500 MHz, CDCl;-d;, TMS): J [ppm] = 2.36 (s, 2 H, CH),
4.65 (s, 2 H, CH,), 7.18 (d, J = 7.8 Hz, 2 H), 7.26 (d, J = 8.0 Hz,
2 H). "C-NMR:**.

2-Chlorobenzyl alcohol 6. Yield (52%) as yellow oil, 'H-
NMR (500 MHz, CDCl;-d,, TMS): 6 [ppm] = 4.68 (s, 2 H, CH,),
7.22-7.23 (m, 1 H), 7.24-7.25 (m, 1 H), 7.27-7.28 (m, 1 H),
7.37-7.38 (m, 1 H). ">C-NMR:**,

(Naphtalene-2-yl)methanol 7. Yield (46%) as orange solid,
'H-NMR (500 MHz, CDCl;-d;, TMS): 6 [ppm] = 4.87 (s, 2 H,
CH,), 7.47-7.50 (m, 3 H), 7.53-7.55 (m, 1 H), 7.78-7.80 (m, 1
H), 7.88 (d, J = 8.7 Hz, 1 H), 8.35 (s, 1 H). *C-NMR:**,

Dibenzyledene acetone 8. Yield (38%) as colourless solid,
'H-NMR (500 MHz, CDCl;-d;, TMS): 6 [ppm] = 7.10 (d, J =
16.0 Hz, 2 H), 7.41-7.42 (m, 6 H), 7.61-7.63 (m, 4 H), 7.75 (d,
J = 16.0 Hz, 2 H). *C-NMR:>>. HRMS(ESI): found: m/z =
235.1124 ([M + H]"); calculated: C,,H,,0 + H: 235.1122.

Bis-4-methoxybenzylidene acetone 9. Yield (15%) as
colourless solid, "H-NMR (500 MHz, CDCl;-d;, TMS): § [ppm]
=3.84 (s, 6 H, CH3), 6.55 (d, J = 16.0 Hz, 2 H), 6.91-6.93 (m, 4
H), 7.54-7.56 (m, 4 H), 7.69 (d, J = 16.0 Hz, 2 H). "*C-NMR:"°.
HRMS(ESI): found: m/z = 295.1335 (M + HJ'); calculated:
C,0H,40; + H: 295.1336.

Diaryl ketone 9. Yield (36%) as orange solid, "H-NMR (500
MHz, CDCl;-d;, TMS): d [ppm] = 7.23 (s, 6 H, 2H), 7.53-7.55
(m, 6 H), 7.83-7.85 (m, 8 H), 8.04 (s, 2 H). *C-NMR:"".
HRMS(ESI): found: m/z = 335.1437 (M + H]'); calculated:
C1oH,40; + H: 335.1436.

2.4 Material characterization

Atomic force microscopy (AFM) from Veeco Dimension Icon
by BRUKER was used to analyze the newly synthesized
graphene oxide 2. The utilization was carried out by
NANOSCOPE ANALYSIS. Additional Raman spectroscopy and
X-ray diffraction (XRD) were performed to confirm that the
material was graphene oxide. The Raman spectrum was
measured using an apparatus that combined an InVia
spectroscope by RENISHAW with a DM2500 M microscope
from LEICA MICROSYSTEMS.

This journal is © The Royal Society of Chemistry 2023
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The morphology of the newly synthesized heterogeneous
catalyst was characterized wusing scanning electron
microscopy (SEM) (Neon 40 from ZEISS). Energy dispersive
X-ray spectroscopy (EDX) was also coupled to the SEM to
enable the analysis of the catalyst's elements using an ultra-
dry detector.

The degradation of MO was analyzed via UV-vis
spectroscopy using Lambda 45 from PERKINELMER
INSTRUMENTS. The measurements were conducted using
SUPRASIL® quartz tubes (10 mm) from
HELLMA®ANALYTICS.

2.5 Computational modelling: DFT calculations

The ORCA program®® was utilized to perform all DFT
calculations. Molecular geometry optimization and energy
calculations were conducted using the B3LYP exchange-
correlation functional®”®® and def2-TZVP basis set.’’ To
account for solvent (water) effects, the implicit solvation
model (the conductor-like polarizable continuum model,
CPCM)* was applied in all calculations. Additionally, we
used the DFT-D3 van der Waals (vdW) correction® to account
for long-range vdW interactions. The photocatalytic
reductions of benzaldehyde were monitored by 'H-NMR
spectroscopy Avance 500 made by Bruker.

3. Results and discussion
3.1 Synthesis and characterization

3.1.1 Characterization of GO 2. The morphology was
examined using SEM and AFM. Scheme 2a shows the surface
of GO 2. This structure is typically for graphene sheets and
exhibits a uniform layer. A view of the EDX images shows
increased oxygen enrichment in the fold and edge areas of
the sample (Scheme 2b). This confirms the edge-
functionalization of GO 2 with this method.*?

00 1.0 pm

Scheme 2 a) SEM images of GO 2 (— 200 nm), EHK = 2.00 kV. b) EDX
images of GO 2 with the element carbon (red) and oxygen (blue)
measured on carbon pats (— 50 pm). c) AFM images (topography)
measured on mica disks and the resulting depth profile of three
nanosheets of GO 2.

Catal. Sci. Technol., 2023,13, 4367-4377 | 4369
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Scheme 3 a) XRD of GO 2 and graphite. b) Raman spectrum of GO 2.
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The XRD and Raman spectrum in Scheme 3 prove that it
is clearly no longer graphite but GO 2. Graphite shows a
characteristic angle at 26 = 27° (Scheme 3a) in the XRD. This
angle results in the layer-level distance of the crystal structure
of graphite. A few layers mean a high degree of disorder and
the peak at 27° becomes wider. Thus, a wide flat peak is
characteristic for graphene.

Raman spectroscopy is used to analyze the ordered/
disordered crystal structure.® As can be seen in Scheme 3b,
the spectrum of GO 2 shows the typical G line (1600 cm™),
resulting from the sp>-system and the corresponding D line
(1350 ecm™), showing the sp’-share in the system.®* The
relative intensity of the D band along with the G band results
in the Ip/Is relation. This parameter allowed for making a
statement about the degree of defects in the graphene
network. Based on the Tuinstra-Koenig model (1/L,), whereby
L, includes the parameter Ip/Ig, there are 16 layers of GO 2.%°
This confirmed the results of the AFM images (Scheme 2c).

3.1.2 Characterization of the composites TiO,-GOx%.
Table 1 shows all synthesized composites. To optimize the
reaction conditions all samples were heat treated at 200, 300
and 400 °C in a tube furnace with a heat rate of 2 °C min™".
All samples heat treated at 200 and 300 °C show no optical

Table 1 Summary of various synthesized composites heat treated at 400 °C

Catalysis Science & Technology

changes. Furthermore, the SEM shows any changes of the
morphology. Compared to the samples which were converted
at 400 °C, with a mass loss of 10% and a threefold increase
in volume, the other samples showed no changes at lower
temperatures. This is also consistent with the results of Jo
et al. who in 2016 published that at least a temperature of
300 °C must be exceeded in order to combine TiO, with
graphene oxide.>" For this reason, non-thermally treated
composites were compared with composites which were heat-
treated at 400 °C to test in the photocatalytic activity.

To perform a complete characterization, pure P25 was first
analyzed by SEM. As shown in Scheme 4 the nanoparticle of
pure P25 shows a fine porous material. The particle has a
spherical, close-packed structure.

The newly produced composite 18 exhibits a much larger
graphenic layer before heat treatment (Scheme 5a and b).
The 545S particles are evenly distributed and form

agglomerates.
After heat treatment, the new material is more
voluminous, lighter and highly electrostatic

(Scheme 5c¢ and d). The composite consists of several
rounded graphene layers that form a large, oval honeycomb
cluster (Scheme 5c). The magnification of the SEM image in
Scheme 5d shows that the TiO, and SiO, particles are
located in the edge area of the surface. In this area, a
linkage between the hydrophilic oxygen groups of the
titanium dioxide and the side functionalized GO could have
taken place.

Like the 545S composite, which was not heat-treated, the
GO 2-1580S composite, which was mixed only at room
temperature, also shows an angular, rougher graphene
structure (Scheme 6a). The 1580S particles are distributed
over the entire surface and form more agglomerates. The

Nr. Carbon [wt%] P25 ratio [wt%)] 545S (P25 + 5 wt% Si0,)*? 15808 (P25 + 15 wt% Si0,)*
10 GO 2 [100]

1 [100]

12 [100]

13 [100]
14 GO 2 [50] [50]

15 GO 2 [10] [90]

16 GO 2 [5] [95]

17 GO 2[2] [98]

18 GO 2 [50]° [50]

19 GO 2 [50] [50]

20 GO 2 [10] [90]

21 GO 2 [5] [95]

22 GO 2 [2] [98]

23 GO 2 [50]* [50]
24 GO 2 [50] [50]
25 GO 2 [10] [90]
26 GO 2 [5] [95]
27 GO 2[2] [98]
28 Hum-GO [50] [50]

29 Hum-GO [2] [98]

30 Graphite [50] [50]

31 Graphite [10] [90]

“ The heterogeneous catalyst was suspended in ethanol. After ultrasonic for 15 min the solvent was removed.

4370 | Catal Sci. Technol., 2023,13, 4367-4377
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Scheme 4 a) SEM images of P25 (— 1 um), EHK = 2.00 kV and b)
(— 100 nm), EHK = 2.00 kV measured on carbon pad.

Scheme 5 a) SEM images of GO-545S,, (1:1) (— 100 um) and b)
(— 200 nm), c) SEM images of GO-545S400-c (1:1) 18 (— 100 um) and
d) (— 200 nm), EHK = 2.00 kV measured on carbon pad.

1580S particles have twice the specific surface area of the
5458 particles with a size of 80 + 15 m* g™*. This could be the
reason why, after the thermal treatment, the new composite
is not a closed capsule but opened at the sides of the
graphene clusters (Scheme 6b and c). The voluminous
graphene clusters resemble a honeycomb. It can be assumed

= v Al

Scheme 6 a) SEM images of GO 2-1580S,; (1:1) (— 200 nm) and b)
SEM images of GO 2-1580S4¢0-c (1:1) 23 (— 100 pm), ¢) (— 2 um) and
d) (— 200 nm), EHK = 2.00 kV measured on carbon pad.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Summary of other composites produced under optimized
conditions

No. Carbon [wt%] P25 ratio [wt%] Temperature [°C] Method

28 Hum-GO [50] [50] 400 Mechanical
32 Hum-GO [2] [98] 400 Mechanical
33  Hum-GO [2] [98] 400 Neat

34 Hum-GO [50] [50] rt Mechanical
35 Hum-GO [2] [98] rt Mechanical
36 Hum-GO [2] [98] rt Neat

that the 1580S particles have been deposited in the layer and
this led to the opening of this structure. Based on the results of
the oxidative degradation of MO, further composites were
produced under optimized conditions (Table 2). These should
lead to a complete characterization of the catalytic activity.

In summary, the SEM images, the measured loss of mass
and the increase in volume of the thermally treated
composites can be wused to conclude a successful
morphological change in the composites. A temperature of at
least 300 °C is required for this. Whether mechanically or
neatly synthesized, there is no difference after heat
treatment. Next, the photocatalytic activity of the different
materials was investigated.

3.2 Photocatalytic degradation of MO

The produced composites were investigated in the oxidative
degradation of methyl orange. The redox-dependent
decomposition of azo dyes offers a fast way to determine the
catalytic activity of new catalysts.®®™®® Pure titanium dioxide
absorbs photons only in the UV-range at an absorption
maximum of 350 nm.”° Just like pure titanium dioxide, 545S
and 1580S show only photocatalytic activity before and after
thermal treatment by irradiation with UV light (see ESLf
Scheme S1). Accordingly, both the temperature and the
silicon dioxide content in the material have no influence on
the activity. The absorption range of around 465 nm results
from the -N=N- azo compound of MO. The band at 270 nm
results from the aromatic rings of MO. Both behave
reciprocally when completely degraded. Compared to GO 2,
the MO aromatics are excited in the presence of 545S and
1580S at the same exposure time. At the same time, pure GO
2 shows no catalytic activity (see ESL} Scheme S2).
Measurement with 5 mg of GO 2 confirms that no scattering
effects are involved in the non-existent activity of GO 2. As a
result, GO 2 acts as a sensitizer and not as a MO catalyst
when the catalytic activity of the new composites is increased.
The graphite/P25 30 measurement was measured as a
reference sample. It can be seen from the spectrum that
decomposition takes place in the presence of graphite by
irradiation with visible light.

In order to investigate the mass dependence, additional
composites were produced in a ratio of 1:1. As can be seen
in Scheme S3 in the ESL7 if the concentration of GO 2 is too
high, the photocatalytic activity is inhibited. The too high

Catal. Sci. Technol., 2023,13, 4367-4377 | 4371
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concentration of GO 2 leads to the fact that the P25 particles
are completely shielded and can no longer act as a
photocatalyst. In addition, the graphic nanoparticles 2 scatter
the light quanta on the outside of the reaction vessel so that
absorption of photons is not possible. Accordingly, a correct
relationship between sensitizer and catalytically active species
is important. A comparison of 14 and 17 also shows that, at a
lower concentration of GO 2, a decomposition of MO already
takes place in the presence of visible light. This is proof that
the combination of GO 2 with P25 increases the
photocatalytic activity. The Scheme S4 in the ESIt shows the
UV-vis spectra of the different GO 2-545S. The composites 19
and 20 show the highest activity, whereby at 19 with a mass
ratio of 50% GO 2, a complete decomposition of MO takes
place in the presence of LED. Composite 21 only decomposes
in the UV range. At the same time, there is a high excitation
of the aromatic rings of MO. The lower concentrated
composites seem to lose activity. It can be seen in all spectra
that the less GO 2 is used, the lower the photocatalytic
activity of the composites. At the same time, it can be seen
everywhere that the activity increases continuously from the
dark reaction to the irradiation with UV. In all
measurements, the dark reaction was taken as a reference.
The UV-vis spectra of GO/1580S show the highest activity at a
higher concentration of GO 2. The composites with 2-wt%
and 5-wt% GO 2 show no activity at all (Scheme S5, ESIT).

Consideration of the overall results for the decomposition
of MO shows that the use of GO 2 has shifted the absorption
behaviour into the visible range. Graphene oxide 2 acts as a
sensitizer. Accordingly, even a small amount of energy is
sufficient to excite the electrons in P25 and initiate a
photocatalytic reaction. A too high concentration and a too
low concentration of GO 2 turned out not to be productive.
While many graphene oxides 2 lead to a complete inhibition
of the reactivity, a too small amount is not sufficient to
increase the activity.

3.3 Photocatalytic reduction of benzaldehyde

After the composites produced with 50-wt% and 10-wt% GO
2 proved to be the most effective during the decomposition
of MO, they will be compared with those produced with
Hum-GO 1 in the reduction of benzaldehyde. This raises the
question to what extent the adsorption behavior and the
electrical conductivity of both graphene oxides influence the
photocatalytic activity of P25.

Scheme 7 schematically shows the photocatalytic
sensitization of carbon-based materials with titanium
dioxide. A comparison of GO 2 and Hum-GO 1 raises the
question of which effects predominate. While GO 2 has a
lower recombination rate of photogenerated electron-hole
pairs due to the defect free conjugated n-system, Hum-GO 1
has a stronger link with titanium dioxide due to the higher
functionalization rate. The high linking rate between Hum-
GO 2 and titanium dioxide finally leads to a higher
sensitization.”" In order to evaluate the activity of the

4372 | Catal Sci. Technol,, 2023, 13, 4367-4377
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oxidation
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Scheme 7 General schema to illustrate the

sensitization of carbon-based materials.

photocatalytic

cat. (10 mg) OH
©Ao NBus, DMF ©AOH . O
1, 15 h, Ny, hv O
OH
37 38 39

Scheme 8 Pinacol coupling and reduction of benzaldehyde 37.

composites, the various catalysts produced were tested in the
reduction of benzaldehyde (Scheme 8).

First, known reaction conditions were chosen.”>”® The
catalysts were investigated in the presence of NBu; as
reductive quencher, using different light sources. The results
are listed in Table 3. This shows that the absorption range of
the new heterogeneous composites is within the visible range.

Since only traces of the product were obtained in a
complete turnover, the reaction conditions were changed.”* A
solution of isopropanol and KOH with a concentration of 0.1
mol L™ was used instead of NBus as base. Furthermore, the
reaction took place in the presence of 75 °C. In order to
check the activity, the pure untreated materials were first
examined (Table 4).

In contrast to the previous reaction, no pinacol coupling
takes place using KOH (Scheme 9).

Furthermore, it could be observed that each material leads
to a reduction of benzaldehyde to benzyl alcohol. Besides, a
cross coupling takes place in some cases. The use of
isopropanol causes an aldol reaction in the presence of
aldehydes. Under a redox-active photocatalysis, an oxidation
of isopropanol to acetone takes place. The acetone formed
then reacts with benzaldehyde to form the aldol product. In
2018, Dhar et al. published that graphitic composites catalyze
aldol condensation between aldehydes and acetone.”” The
working group used MnFe,O,/graphitic carbon nitride (g-
C3N,) as catalytic species. In the absence of a base and at 70
°C, yields of up to 92% were achieved. The composites act as
Lewis acid catalysts. In contrast to Dhar et al., the aim of this
work is to investigate the exact activity of the different
materials produced. Furthermore, the reaction conditions of
the light influence will be investigated.

A look at the results from Table 4 shows that the reaction
also takes place without a photocatalyst. However, it can be
seen that a light dependence can be observed with both base
and the heterogeneous carbonaceous material. It is also clear
that selectivity only takes place under certain conditions.
Pure benzyl alcohol is formed only in the presence of higher

This journal is © The Royal Society of Chemistry 2023
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Table 3 Influence of irradiation wavelength on reduction of benzaldehyde

Entry Catalyst Light source Product NMR-ratio
1 GO/1580S (50%) 24 White LED (400-700 nm) HB, B 0.13

2 GO/15808 (50%) 24 UV (366 nm) n.r n.r

3 GO/1580S (10%) 25 White LED (400-700 nm) HB, B 0.10

4 GO 2 Near UV (390-400 nm) HB, B 0.18

5 GO/P25 (50%) 14 White LED (400-700 nm) HB, B 0.03

B = benzaldehyde; BA = benzyl alcohol; HB = hydrobenzoin, n.r = no reaction, product/educt = NMR-ratio.

Table 4 Characterization and optimization of reactivity

Entry Catalyst Light source Product Yield
1 GO 2 Near UV (390-400 nm) BA 79%
2 5458 Near UV (390-400 nm) BA 97%
3 1580S Near UV (390-400 nm) BA 100%
4 P25 Near UV (390-400 nm) BA 93%
5 — Near UV (390-400 nm) BA 88%
6 — UV (254 nm) BA 43%
7 — Blue LED (450-500 nm) BA 54%
8 — White LED (400-700 nm) BA 14%
9 — White LED (400-700 nm)  BA 1%
DBA 12%
10? — White LED (400-700 nm)  BA 13%
DBA 38%
11° — White LED (400-700 nm) n.r —
12 — — BA 37%
134 — — BA 1%
DBA 17%

B = benzaldehyde; BA = benzyl alcohol; DBA = dibenzylideneacetone;
n.r = no reaction. “ Room temperature. ” No inert gas. © Without
base.

cat. (10 mg) i
IPA+KOH

o N on | A
75°C, 15 h, Ny, hv

37 38 40

Scheme 9 Cross-coupling and reduction of benzaldehyde 37.

temperatures, while DBA is preferably formed at room
temperature and in the presence of oxygen. This confirms
that the isopropanol present must first be oxidized in order
to then further react in an aldol. The presence of oxygen
promotes the base-catalyzed oxidation of isopropanol to
acetone.

In another series of experiments, the light dependence of
Hum-GO 1 was compared with GO 2 and P25 (Table 5). It turned
out that in the presence of Hum-GO 1, only DBA 40 is selectively

Table 5 Reactivity and light dependence in the heterogeneous reduction
of benzaldehyde 37

White LED Near UV uv
Entry  Catalyst (400-700 nm)  (390-400 nm) (254 nm)
1 Hum-GO1  DBA (18%) DBA (7%) DBA (16%)
2 GO 2 BA (81%) BA (79%) n.r
3 P25 BA (84%) BA (93%) BA (70%)

B = benzaldehyde; BA = benzyl alcohol; DBA = dibenzylideneacetone;
n.r = no reaction.

This journal is © The Royal Society of Chemistry 2023

formed. It can therefore be assumed that pure Hum-GO 1 is
not photocatalytically active, whereas GO 2 and P25 show a
high photocatalytic activity in which only benzyl alcohol 38 is
selectively formed.

In order to investigate the activity of Hum-GO 1 more
closely, additional control reactions were performed. Table 6
clearly shows that the acidic character of Hum-GO 1 has a
significant influence on the catalysis. Since all reactions were
carried out under inert gas, the oxidation to benzoic acid 41
takes place exclusively in the presence of 1. The control
reaction confirms that Hum-GO 1 as a redox-active catalyst
can have both reducing and oxidizing effects. By varying the
reaction conditions, the course of the catalyst can be
selectively controlled.

Since Hum-GO 1 itself is not photocatalytically active, a
further screening was performed to investigate the
photocatalytic activity of all differently produced composites
based on Hum-GO 1 (Table 7). From the result it becomes
clear that all composites have their absorption maximum at
400 nm. The reactivity decreases in the presence of low and
high wavelength light. It can also be seen that thermally
treated composites selectively reduce to benzyl alcohol 38
while with composites 34-36 also the formation of DBA could
be observed.

The more P25 is present in the composites, the higher the
reduction product. If, on the other hand, the proportion of
Hum-GO 1 in the new materials is higher, the aldol-product
is preferred. The thermally treated composites supply only
the reduction product. Conversely, this means that the active
species in the formation of the aldol-product are the
hydrophilic groups of Hum-GO 1. Thermal treatment of the
composites again loses the acidic character of Hum-GO 1.

Table 6 Control reaction for the activity of Hum-GO 1

Entry Condition Yield BA 38 Yield DBA 40 Yield BAc 41
1 Daylight 7% 12% —
2 White LED, 36 h 4% 29% —
3 rt 0.1% 5% —
4 Cat. (20 mg) — — 5%
5 Cat. (5 mg) 8% 26% —
6 Without base — — 10%
7 Without base, — — 19%
cat. (50 mg)
8 NEt; as base — — 3%

B = benzaldehyde; BA = benzyl alcohol; DBA = dibenzylideneacetone;
BAc = benzoic acid; n.r = no reaction.

Catal Sci. Technol,, 2023,13, 4367-4377 | 4373



Paper

Table 7 Influence of the used synthetic method of the new composites

Catalysis Science & Technology

Catalyst White LED (400-700 nm) Near UV (390-400 nm) UV (254 nm) Daylight
Hum-GO/P25 (50 wt%) 28 (mech., 400 °C) BA (91%) BA (99%) BA (34%) BA (71%)
Hum-GO/P25 (2 wt%) 32 (mech., 400 °C) BA (98%) BA (88%) BA (58%) BA (12%)
Hum-GO/P25 (2 wt%) 33 (neat, 400 °C) BA (34%) BA (100%) BA (82%) BA (89%)
Hum-GO/P25 (50 wt%) 34 (mech., rt) DBA (40%) DBA (28%), BA (28%) n.r n.r
BA (9%)
Hum-GO/P25 (2 wt%) 35 (mech., rt) BA (86%) BA (94%) DBA (22%), BA (59%) n.r
Hum-GO/P25 (2 wt%) 36 (neat, rt) BA (81%) n.r DBA (16%), BA (60%) n.r

B = benzaldehyde; BA = benzyl alcohol; DBA = dibenzylideneacetone; BAc = benzoic acid; n.r = no reaction.

Furthermore, a direct comparison between LED and UV
irradiation shows an ideal reciprocal behavior with respect to
the yields.

Based on the results obtained, the following catalysis
cycle is postulated in Scheme 10. The reaction mechanism
consists of two cycles, one light-independent (1) and one
light-dependent (2). The light-independent cycle 1 is a
base-catalyzed cross coupling.”” In a Meerwein-Ponndorf-
Verley (MPV) reduction, aldehydes react with isopropanol
(A) to a six-membered transition state (B). A secondary
alcohol is essential for MVP reduction. It is only in this
way that the necessary acetone and benzyl alcohol (C) can
be formed via hydride transfer through a base such as
KOH. Subsequent Claisen-Schmidt condensation with 2
eq. unreacted aldehyde leads to the Aldol product (C).
Catalysis cycle 1 is a reversible reaction that takes place
in both directions in a thermodynamic equilibrium. The
fact that only the aldol product is selectively formed when
Hum-GO 1 is added means that the acidic character of
graphene oxides has a significant influence on the course
of base catalyzed reactions.

If a photocatalytically active material is added to the
system, another catalysis cycle takes place, the light-
dependent cycle 2. An aldehyde is adsorbed on the surface of
the heterogeneous catalyst by means of n-n interaction or
hydrogen bridge bonding (D). The electrons in the catalyst
are then excited by absorption of light quanta. The graphic
material acts both as a sensitizer and as an electron
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Scheme 10 Photocatalytic reaction cycle using the newly produced
composites.
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transporter (E). In the last catalytic step, a single electron
transfer (SET) takes place. The carbonyl compound to the
alcohol is reduced and at the same time an oxidation from
the secondary alcohol to the carbonyl compound takes place.
The photocatalytic redox reaction results in oxidation,
reduction and recovery of the heterogeneous catalyst (F).
Consideration of Table 8 also provides information on the
reaction kinetics. While the C-C coupling product is
preferably formed after 1 h, the reduction product is
selectively formed after 15 h. As a result, the Kkinetically
controlled product (cycle 1) is formed in the presence of
heterogeneous catalysts. If light with a suitable wavelength is
added to the system, the thermodynamically more stable
product is formed (cycle 2).

To investigate the extent of the photocatalytic system,
further control reactions with different analogues were
performed under the general synthesis conditions (Table 9).
It can be seen that the choice of substituents has a
significant influence on the reactivity and selectivity of the
reaction. Substituents with a strong +I-effect increase the
reactivity of the light-dependent catalysis cycle (2) (entry 2).
Hydroxyl groups in para-position have a deactivating effect,
so that the -I-effect leads to an inhibition of the reaction. In
the presence of substituents acting as electron donors, both
catalysis cycles take place (entry 3). Halogens and methyl
groups selectively lead to the reduction product (entry 4, 5).
Furthermore, it becomes apparent that the position of the
substituents has only a weak influence on the selectivity.

Table 8 Control reaction for the analysis of the catalysis cycle

White LED White LED

Catalyst (400-700 nm), 15 h (400-700 nm), 1 h Darkness

Hum-GO/P25  BA (98%) DBA (38%) —

(2 wt%) 32 BA (88%)

Hum-GO 2 DBA (18%) — —

Hum-GO/P25  DBA (40%) — —

(50 wt%) 34 BA (9%)

— — — BA (37%)

— — — DBA (17%)
BA (1%)

b — — DBA (38%)
BA (13%)

B = benzaldehyde; BA = benzyl alcohol; DBA = dibenzylideneacetone;
- = not performed.“ Room temperature. ” Without inert gas.
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Table 9 Scope of light-dependent photocatalytic reaction using different carbonyl derivatives

Entry Aldehyde Aldol-product Reduction-product
1 Benzaldehyde 37 26% 8%

2 4-Hydroxy benzaldehyde 41 n.r n.r

3 4-Methoxy benzaldehyde 42 15% 13%

4 4-Methyl benzaldehyde 43 — 100%

5 3-Chloro benzaldehyde 44 — 52%

6 2-Naphtalenecarboxaldehyde 45 36% 46%

7 Benzophenone 46 — 1%

Reaction condition: 75 °C, 15 h, N,, Hum-GO/P25 (50 wt%) 34 (5 mg), IPA + KOH, white LED. — = not performed; n.r = no reaction.

Ultimately, only mesomeric and inductive effects determine
the course of the process. If the substituent is too bulky
again, no reaction can take place due to steric effects.

3.4 DFT calculations

To elucidate the origins of the enhanced photocatalytic
activity, the geometries and electronic structures of TiO,/
graphene oxide (GO) nanocomposites were modeled by
means of DFT calculations. To model the TiO, nanoclusters,
we used the structural model (TiO,);5, which we built

TiO,/GO
| % TiO, LUMO
O /O, f - copdpeceeseass O G A g
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Scheme 11 a) DFT optimized structure of the Lerf-Klinowski-type GO
model.®® b) DFT optimized structure of the TiO,/GO composite. The
interfacial Ti-Ogo chemical bonds are indicated by solid black line. c) The
calculated HOMO-LUMO gap of the composite (solid lines) compared to
those of GO and (TiO,);5s before contact (dashed lines). The positions of
frontier molecular orbitals (HOMO and LUMO) are plotted versus the
normal hydrogen electrode (NHE). Isosurface plots of the HOMO and
LUMO orbitals of the composite are shown on the right.
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following the procedure outlined in our previous work.”® For
GO, we employed the Lerf-Klinowski-type model (as shown
in Scheme 11a), which was successfully used for DFT
modeling of functionalization with porphyrins.”’

The DFT-optimized TiO,/GO composites were found to be
most stable (ie., exhibiting lowest energies) when the
oxygens in GO form chemical bonds with the outer titanium
ions of the (TiO,);5 surface. An example stable TiO,/GO
configuration is shown in Scheme 11b. It features three
bridging Ti-Ogo bonds, with the bond lengths ranging from
1.8 to 2.2 A. The formation of strong interfacial metal-oxygen
bonds, as reported in GO composites with TiO, and other
metal oxides,”®®® is known to result in robust and thermally
stable composites.

Subsequently, the binding strength between the materials
was assessed by calculating the binding energies (AEy) of the
TiO,/GO complex, by subtracting the total energies of TiO,
and GO from the total energy of the TiO,/GO complex (AEy, =
E(TiO,/GO) - E(TiO,) - E(GO)). The strongly negative AE,
values indicated that the formation of the composite is
energetically favorable, with a value of —3.17 eV obtained for
the structure depicted in Scheme 11b, suggesting high
thermodynamic stability of the composite.

Next, electronic structure calculations were performed to
assess the photocatalytic activity of the composite (see
Scheme 11c). The calculated positions of the highest-
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of the TiO,/GO composite were
1.27 V and -0.37 V, respectively, relative to the normal
hydrogen electrode (NHE). These results reveal that the
introduction of the electronic states of GO resulted in a
significant decrease in the HOMO-LUMO gap, E,, of the
composite compared to that of the pure TiO, nanocluster.
For the considered DFT-optimized TiO,/GO structure, the
calculated energy gap was 1.65 eV (compared to 3.37 eV for
the bare nanocluster), indicating a shift of the
photoresponsiveness into the visible range, consistent with
the experimental observations.

Finally, while the exact HOMO and LUMO energies of TiO,/
GO are expected to depend on a specific binding scenario,
Scheme 11c shows that the LUMO position of the composite
can potentially be shifted to the range that favors the
generation of superoxide radical (O,”) from dissolved oxygen
molecules. For the considered structural model of TiO,/GO, the
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calculated LUMO position (-0.37 V) is more negative than that
of 0,/0,” (-0.28 V).*" Superoxide radical is known to play a
central role in the photocatalytic decomposition of organic
pollutants, including MO.*> Thus, our results provide a
rationale for the observed photodegradation of MO by the
TiO,/GO hybrids in the presence of visible light.

4. Conclusions

The use of heterogeneous photocatalysts based on graphene
oxide offers an inexpensive, easily producible and green
alternative to conventional metal-based photocatalysts. The
synthesis of the composites plays an important role in the
reactivity of the catalysts. Titanium dioxide as the
photocatalytically active part is combined with graphene oxide
as the electron sink or donor. The more oxidative groups there
are, the greater the acidic character of the material and thus the
influence as redox material in the catalysis cycle used; in this
case it strongly influences the base-catalyzed part of the reaction.
If the material is thermally treated, the acid content decreases
and the new composite can be used as electron donor or sink in
a photocatalytic reaction. In addition, it was successfully
demonstrated that side functionalized GO 2 and pure titanium
dioxides are photocatalytically active. A combination of the two
leads to a shift of the activity into the visible range. This is not
the case with the use of Hum-GO 1. A higher photocatalytic
activity can only be noted after thermal treatment. Accordingly,
the position of the oxidative groups on the graphic surface also
has a considerable influence on the catalytic activity.
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