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Abstract: The organic–inorganic composites F70-TiO2, based on fullerene with carboxyl group deriva-
tives and TiO2 semiconductor, have been designed and constructed to become an optical-functional
photocatalyst via the facile sol–gel method. The composite photocatalyst obtained shows excellent
photocatalytic activity for the high-efficiency conversion of benzylamine (BA) to N-benzylidene
benzylamine (NBBA) with air pressure at a normal temperature under visible light irradiation. By
optimizing the composition, the composites with the 1:15 mass ratio of F70 and TiO2, denoted as
F70-TiO2(1:15), demonstrated the highest reaction efficiency for benzylamine (>98% conversion) to
N-benzylidene benzylamine (>93% selectivity) in this study. However, pure TiO2 and fullerene deriva-
tives (F70) exhibit decreased conversion (56.3% and 89.7%, respectively) and selectivity (83.8% and
86.0%, respectively). The UV–vis diffuse reflectance spectra (DRS) and Mott–Schottky experiment’s
results indicate that the introduction of fullerene derivatives into anatase TiO2 would greatly broaden
the visible light response range and adjust the energy band positions of the composites, enhancing
the sunlight utilization and promoting the photogenerated charge (e−-h+) separation and transfer.
Specifically, a series of results on the in situ EPR tests and the photo-electrophysical experiment
indicate that the separated charges from the hybrid could effectively activate benzylamine and O2 to
accelerate the formation of active intermediates, and then couple with free BA molecules to form the
desired production of N-BBA. The effective combination, on a molecular scale, between fullerene
and titanium dioxide has provided a profound understanding of the photocatalysis mechanism.
This work elaborates and makes clear the relationship between the structure and the performance of
functional photocatalysts.

Keywords: organic–inorganic composites; photocatalytic coupling; fullerene derivatives; TiO2;
sol–gel method

1. Introduction

Imines are critical building blocks in the field of fine chemicals and pharmaceuticals [1,2].
Imines are typically prepared by the condensation reaction between amines and active
carbonyl derivatives with the assistance of Lewis acids or bases, which causes plenty of
undesirable chemical wastes and increases the difficulty of post-processing, resulting in
environmental contamination [3,4]. Consequently, it is necessary to research green alter-
natives for synthetic routes and sustainable processes to meet the rising energy demand
and the many strict environmental policies. In recent years, the heterogeneous photocatal-
ysis, based on functional semiconductor materials, has garnered remarkable attention as
a green approach for imines fine chemicals synthesis, such as with oxygen or air as the
oxidant [5,6], which is an energy-saving, environmentally friendly and easily recyclable
process. Among them, many researchers have focused on TiO2

−-based photocatalysts
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due to their low-cost, non-toxicity, high stability and excellent photocatalytic activity [7].
However, the wide band gap (~3.2 eV, which corresponds to about 4% of solar energy
received) of TiO2 means that TiO2 could not utilize the visible light (about 50% of the
received solar energy) to initiate the photocatalytic reaction, greatly limiting the utilization
of solar energy. Moreover, photogenerated charges occurring in TiO2 are extremely easy to
recombine, leading to photocatalytic activity abatement, which also hinders the application
of TiO2 in the photocatalytic field [8–10]. To tackle this issue, many efforts have been dedi-
cated to exploiting the visible-light-active TiO2

−-based photocatalysts with outstanding
photogenerated charge pairs separation, such as metal deposition (Pt [11], Pd [12], Au [13],
Ni [14]), doping non-metal atoms (C, N, S) [15,16] and photosensitization [17–19]. However,
the promotion of photocatalytic activity on the catalysts modified by the above strategy is
limited, which is attributed to the narrow spectral response range or poor photocatalytic
stability. Therefore, it is necessary to explore a facile and practical combination strategy for
constructing TiO2-based composite materials with excellent optical-response ability and
robust stability.

Conjugated materials are potential organic semiconductor candidates for widening
the optical response range and facilitating photogenerated charges separation and transfer
during the photocatalytic process by the formation of electronic–chemical interactions
with TiO2 [20,21]. Among them, fullerenes (C60) derivatives have garnered considerable
attention for their excellent optical-electronic, physical and chemical properties owing
to their unique three-dimensional cage with huge conjugated delocalized structures and
their strong electron-accepting ability [22]. Furthermore, the C60-based functional mate-
rials, with excellent exciton mobility and a rather long exciton diffusion distance, would
effectively stimulate photoexcited charge separation and greatly suppress charge recom-
bination [23–26]. Thus, the effective combination of C60 derivatives with semiconductor
materials has been explored to boost the performance in photovoltaic conversion applica-
tions [27]. In particular, the C60-based organic–inorganic composites are mainly applied in
the field of photocatalytic organic pollutant degradation. The related mechanism research
shows that the unique huge π-conjugated structure of fullerene can efficiently accumulate
electrons and regulate the energy band position of semiconductor materials, resulting in the
rapid separation of photogenerated charges (e–−h+) to decline the charge recombination.
Furthermore, the excited electrons from the charge separation could be enriched and then
stimulate the photoreduction of O2 for •O2

− active species. The •O2
− radical production

could activate many organic reactions [7,28]. Therefore, the composites based on C60 and
the metal oxides semiconductor have potential applications in the organic photooxidation
reaction. However, there is little related research work, particularly, on the photocatalytic
coupling reaction of amines. The main reason is that no effective synthesis strategy has been
put forward to obtain stable and high-activity C60-based composite materials. At present,
research results display that the combination strategies of the composites based on C60 and
TiO2 are impregnation and sensitization, resulting in C60 only absorbing onto the surface
of TiO2, which not only confines the loading capacity of C60 but also reduces the stability of
composites owing to the fact that C60 extremely easily degrades and drops off the surface
of TiO2. Therefore, it is significant to take an appropriate approach to promote the stability
of composites and regulate the component ratio as much as possible for modifying the
photocatalytic oxidation coupling activity of amines.

Our earlier findings reveal that the organic–inorganic hybrids based on TiO2, and or-
ganic optical functional molecule obtained by the in-situ sol–gel method, exhibit remarkable
stability and a gratifying synergistic photocatalytic activity in terms of broadening the spec-
tral response range and promoting photogenerated charge separation and transfer [29–32].
the organic dopants could rely on their active binding sites (-COOH, -OH, -NH2 and
-PO3H2, etc.) by in-situ sol-gel method to improve the uniformity and compatibility of
organic–inorganic hybrid materials, [33,34], which could undergo dehydration and a con-
densation reaction with titanium precursors, such as tetra butyl titanate and titanium
tetrachloride, to form covalent graft composites. Compared with the conventional sensi-
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tization system, the organic and inorganic components in the hybrid crosslink with each
other to form a network structure, which effectively fixes and confines the organic substrate
in space, to achieve excellent photocatalytic activity and durable photocatalytic recycling
stability for the hybrid [35–37].

In this work, a series of C60 derivatives were modified by TiO2 via a facile sol–
gel method. C60 derivative with -COOH active sites (denoted as F70) and TiO2 were
robustly combined through the covalent chemical bonds to give an organic–inorganic
hybrid, denoted as F70-TiO2. Furthermore, the hybrid showed a dramatic activity and
stability for the photooxidizing coupling of amines to imines using air as oxidant, which
is attributed to the introduction of F70, considering the following advantages: (1) the
introduction of electron-accepting units (-COOH) in F70 enhances the capture of electrons
and ensures a more effective electron separation and transfer between fullerenes and
TiO2; (2) the presence of -COOH groups in F70 endows the hybrid with outstanding
light responsiveness and a low conduction band position, which further facilitates the
separation of the photogenerated charge with visible-light excitation; (3) the -COOH active
groups of F70 could interact with Ti(OC4H9)4 to form the robust titanium ester bond Ti-
O-C=O-C60 bonds, which preserves the stability of the hybrid system in the process of
the photocatalytic reaction; (4) in the hybrid, F70 acts as an electron reservoir, which could
provide a continuous charge supply for the production of •O2

−. The related structural
characteristics and photocatalytic mechanism on fullerenes derivative-modified TiO2 were
verified by a series of characterizations.

2. Results and Discussion

The crystallographic features of synthesized F70-TiO2 composites and f -TiO2 were
investigated by XRD and are displayed in Figure 1a. The relevant XRD signal peak at the
top corresponds to anatase TiO2 [29]. In addition, no obvious XRD signal peaks of F70
in the composites were found. Thus, the introduction of F70 hardly had an impact on
the crystallinity of TiO2, owing to the low doping contents of F70. The BET surface areas
and porosity distribution of photocatalysts in this work were assessed by a N2 adsorption
measurement at 77 K. As shown in Figure 1b, the adsorption isotherms of f -TiO2 and
F70-TiO2(1:15) were ascribed to a typical type IV pattern with surface areas of 198.6 m2 g−1

and 178.8 m2 g−1, respectively. The pore sizes distributions of f -TiO2 and F70-TiO2(1:15)
were calculated to be about 4.39 nm and 4.45 nm based on the Barrett–Joyner–Halenda
(BJH) (Table S1), which agrees well with the BET surface areas of f -TiO2 and F70-TiO2(1:15).
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Figure 1. (a) The XRD patterns of F70-TiO2 with different F70 content were recorded, (b) N2

adsorption-desorption isotherms of f -TiO2 and F70-TiO2(1:15).

Furthermore, SEM images revealed the distinction of samples on the morphology.
Among them, F70 displayed an amorphous planar microstructure (Figures 2b and S3b).
Additionally, f -TiO2 showed an agglomeration of spherical nanoparticles with a size of
10–20 nm (Figures 2a and S3a), whereas SEM images of F70-TiO2(1:15) (Figures 2c and S3c)
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showed that the composites mainly consist of ellipsoidal nanoparticles and fine irregular
nanoparticles, demonstrating that the introduction of F70 into TiO2 could uniformly modify
the nanoparticle’s shape, size and the porosity morphology of TiO2, which could be con-
firmed by the TEM images and the elemental mapping images (Figures 2d,e,g and S3d,f).
The distances observed, of 0.35 nm, at two adjacent lattice fringes were attributed to the
(101) plane of TiO2 (Figure 2e). The SAED pattern of F70-TiO2(1:15) nanomaterials proved
again the existence of the TiO2 anatase phase, corresponding to the XRD result (Figure 2f).
The EDX analysis further demonstrated the existence of F70 in the hybrids (Figure S4),
which corresponds with the XPS results. In Figure S5, the XPS spectra of F70-TiO2(1:15)
displayed Ti2p1/2 and Ti2p3/2 peaks situated at 458.7 eV and 464.5 eV, attributed to Ti4+,
which are slightly redshifted with respect to pure TiO2 [38]. The doping of fullerene into
TiO2 caused electrons around the Ti-O bond flowing away from the Ti atom so that the
binding energy of Ti2p slightly increased, due to the strong electron-absorbing capability
of fullerene. Compared to the compositions of 24.5% Ti, 51.8% O and 23.7% C for f -TiO2,
the compositions of 21.7% Ti, 44.9% O and 33.4% C for F70-TiO2(1:15) with the excess C
percentage were obtained to confirm the compositional distinction of the hybrid and the
pure TiO2, which was derived from the introduction of F70 into the hybrid (Table S2).
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Figure 2. (a) HRSEM of f -TiO2, (b) HRSEM of F70, (c) HRSEM, (d) TEM, (e) HRTEM, (f) SAED and
(g) the elemental mappings image of F70-TiO2(1:15).

Moreover, the FT-IR spectrum of F70-TiO2 showed that the hybrid is composed of F70
and f -TiO2. In Figure 3a, the typical stretching vibrations peaks of C-O and C=O groups on
F70 are at 1080–1208 cm−1 and 1702 cm−1, respectively, which appears along with the mass
increase in F70 in the composites. The characteristic vibration bands of -OH groups on
the surface of TiO2 are around 1623 cm−1 and 3411 cm−1, and the vibration bands of Ti-O
from TiO2 are at 446–798 cm−1, existing in a series of composites, which indicates that TiO2
could combine with F70 through the condensation reaction between hydroxyl group and
carboxyl group. However, the above characterizations are qualitative or semi-quantitative
to confirm the relationship between F70 and f -TiO2. For the quantitative analysis of the
composite ratio of F70-TiO2(1:15) composite, a thermogravimetric analysis of samples was
conducted at an air atmosphere from 25 ◦C to 600 ◦C with a heating rate of 10 ◦C/min. The
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thermogravimetric analysis plots of F70, f -TiO2, and F70-TiO2(1:15) are shown in Figure 3b.
This indicates that F70 begins to decompose at about 383 ◦C. However, the quality of TiO2
did decrease significantly up to 600 ◦C. For the hybrid F70-TiO2(1:15) sample, the analyzed
decomposition temperature is about 383 ◦C to 550 ◦C, corresponding to the mass loss of
6.18% for the hybrid, which is consistent with the mass ratio of F70 in the F70-TiO2(1:15)
sample (with about 6.28% mass ratio of F70 in the hybrid in theory). Therefore, this proves
that F70 is combined successfully with TiO2 by the sol–gel method and the hybrid has
stable structure and components.
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analysis of f -TiO2, F70, and F70-TiO2(1:15) hybrid materials.

A series of experiments based on the mathematical theory model were carried out to
explore the photocatalytic performances on the photooxidative coupling of BA to N-BBA at
atmospheric pressure with visible light irradiation. The results are listed in Table 1. Under
the same conditions, the hybrid with the different ratios of F70 and TiO2 shows excellent
photocatalytic performance. As the mass ratio of F70 and TiO2 in the hybrid increases from
1:20, 1:15 to 1:10, the BA conversion performance successively increases; F70-TiO2(1:15)
exhibits the highest conversion up to 98.5% with the highest selectivity for N-BBA (93.9%)
(Table 1, entry 4) with the GC-MS spectrogram confirming the relative molecular mass
for production (in Figure S6). However, with further increase in the mass ratio of F70
and TiO2 in the hybrid to 1:10 and 1:5, the photocatalytic activity of F70-TiO2 successively
decreases, as shown in the table. In comparison, f -TiO2 shows a low conversion rate of
BA (56.3%) and selectivity rate of N-BBA (89.7%) (Table 1, entry 1), and F70 has 83.8%
conversion for BA with 86.0% selectivity for N-BBA (Table 1, entry 7). Furthermore, light is
a very necessary condition. F70-TiO2 only has a conversion rate of 18.4% and a selectivity
of 6.36% in the absence of light (Table 1, entry 5). These results suggest that fullerene
structure with a significant electron enrichment ability could advance photogenerated
charge separation, which further promote the conversion of BA. In addition, previous
research suggests that the introduction of Pd and Pt into the catalyst system could further
facilitate the formation of N-BBA from BA [39]. However, for F70-TiO2(1:15) composites
loaded with a mass ratio of 1.0%Pd, no effective promotion in the photocatalytic activity
was traced, compared to F70-TiO2(1:15) without Pd nanoparticles loaded. On the contrary,
the selectivity of N-BBA (88.2%) (Table 1, entry 8) was reduced, which reveals that fullerene
plays an important role in the photocatalysis process. Therefore, F70 is a photocatalytic
functional regulator in the hybrid, which not only works as an organic photosensitizer to
broaden the spectral response range but also acts as an organic semiconductor or electron
accumulator to facilitate photogenerated charge separation. Furthermore, the recycle
stability of F70-TiO2(1:15) was determined via five recycles on the photocatalytic oxidation
coupling reaction from BA to N-BBA under the same conditions as described above. As
shown in Figure 4a, F70-TiO2(1:15) maintained a high photocatalytic performance in the
transformation of BA to the desired molecule N-BBA during the five cycles process, which
confirms the structural and performance stability of the prepared photocatalyst. This is
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verified by the XRD signal peaks of F70-TiO2(1:15) recycled after multiple cycles test in
Figure S7, which retains similar signal peaks shifts with the hybrid materials before the
recycle test.

Table 1. Photocatalytic oxidation of BA to N-BBA under various conditions.
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Entry Catalysts hv Conv. (%) Select. (%)

1 f -TiO2 + 56.3 89.7

2 F70-TiO2(1:5) + 94.4 77.1

3 F70-TiO2(1:10) + 98.1 88.1

4 F70-TiO2(1:15) + 98.5 93.9

5 F70-TiO2(1:15) − 18.4 6.36

6 F70-TiO2(1:20) + 97.6 83.1

7 F70 + 83.8 86.0

8 1%Pd/F70-TiO2(1:15) + 96.6 88.2
Reaction conditions: BA (0.2 mmol), catalyst (5 mg), CH3CN (1.5 mL), Air (1 atm), λ > 400 nm, 12 h.
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Previous studies show that O2 molecules are necessary in the photooxidative cou-
pling route from BA to N-BBA. To fully explore the influence of the active species and
the intermediate states of the O2 molecule, EPR measurements were implemented [40], as
shown in Figure 4b. No obvious EPR signals were monitored for f -TiO2 and F70-TiO2(1:15)
under darkness. However, under visible light irradiation, intense EPR signals were de-
tected for F70-TiO2(1:15) with DMPO as the trapping agent [41], owing to the existence
of •O2

− species. Compared with F70-TiO2(1:15), f -TiO2 showed weak EPR signal inten-
sity under visible light irradiation, indicating that more •O2

− species are generated over
F70-TiO2(1:15). These results reveal that the introduction of fullerene could facilitate the
photogenerated e–separation from charge pairs and then transfer on the interface of F70
and TiO2 to enhance the photoreduction of O2 to •O2

− active species. In addition, p-
benzoquinone (BQ) and AgNO3 could work as scavengers to trap and neutralize •O2

−

and e–, respectively. After the addition of 1 mM AgNO3 or BQ, the yield of N-BBA for
the catalyst F70-TiO2(1:15) decreases significantly to only 11.6% and 14.8%, respectively.
Furthermore, without light irradiation, F70-TiO2(1:15) only has 11.0% of the conversion
with 6.34% selectivity for N-BBA, which demonstrates that a light source is essential for
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the photooxidative coupling from BA to N-BBA. Therefore, light source, photogenerated e–

and •O2
− play major roles in the photocatalytic coupling reaction process

A series of photo-electrophysical and photo-electrochemical measurements were exe-
cuted to explore the root of the improved photocatalytic activity on F70-TiO2 composites.
In Figure 5a, the UV–vis DRS shows that f -TiO2 has a relatively narrow optical absorbance
range below 400 nm, while the light absorbance range of F70 continued extending to
750 nm. It is worth noting that F70-TiO2 composites also exhibit a similar broad absorbance
range at 750 nm, and a slightly weaker intensity than F70, which inherits the optical trait of
F70 and TiO2. This suggests that the doping of F70 in the hybrid would positively regulate
the optical absorbance responsiveness for the efficient utilization of sunlight. To further
reveal the possible mechanism of the photocatalytic reaction routes, the M-S plots of f -TiO2,
F70 and F70-TiO2 were detected to obtain the flat-band potential. As in previous works, it
is generally believed that the conduction band (CB) potential of the n-type semiconductor
was almost equal to the flat-band potential [29]. In Figure 5b–d, the flat-band potentials
of f -TiO2, F70 and F70-TiO2 were ascertained to be about −0.68 V, −0.72 V and −0.70 V
vs. Ag/AgCl, respectively. Thus, the CB of f -TiO2, F70 and F70-TiO2 were calculated as
−0.48 V, −0.52 V and −0.50 V vs. NHE, respectively. All of them were more negative than
the redox potential of O2/•O2

− (Ere = −0.04 vs. NHE) [42], which is thermodynamically
feasible for oxygen reduction. In addition, the band gap values of f -TiO2, F70 and F70-TiO2
were estimated about 3.2 eV, 1.5 eV and 1.7 eV, respectively, based on the results of the
UV–vis DRS, as shown in Figure 5e. Therefore, the valence band (VB) potential could be
calculated as 2.7 eV, 0.98 eV and 1.2 eV vs. NHE, which is thermodynamically feasible
for the benzylamine oxidation (Eox = +0.76 vs. NHE) [42]. Moreover, the energy band
structure and position of f -TiO2, F70, and F70-TiO2 were depicted, as shown in Figure 5f.
This indicates that the F70-TiO2 composite is a classic heterojunction semiconductor, and
that F70 would greatly regulate and change the energy band structure and position of the
hybrid, which is attributed to the unique electron-rich conjugated structures of F70 as a
functional regulatory semiconductor. The physical energy band theory shows that the
charge transfer between interfaces plays an important role in decreasing the photogen-
erated charges recombination. Furthermore, EIS was performed to evaluate the internal
resistance of the catalysts at the interface during the charge separation process (Figure 6a).
Compared with f -TiO2, F70-TiO2 has a smaller arc radius in EIS plots, indicating a lower
charge transfer resistance at the interface, which is ascribed to the robust linkage that exists
between F70 and f -TiO2. Similarly, F70-TiO2 has a higher photocurrent density than the
f -TiO2 sample (Figure 6b), indicating an effective photogenerated charge formation and
transfer on the heterojunction composite. Given the almost unchanged BET surface area
of F70-TiO2 and f -TiO2, the surface area for the F70-TiO2 composite is not the main factor
affecting the photocatalytic activity. According to the aforementioned characterization
results, the enhanced photocatalytic activity of the F70-TiO2 composite may originate from
the widened light absorption range and the efficient charge separation and transfer in
the hybrid.

Based on the results above, a possible photocatalytic mechanism on imine formation
under aerobic conditions is illustrated in Scheme 1. Under visible-light irradiation, the
photogenerated electrons on the hybrid are excited and jump to the conduction band of
F70, leaving holes on the value band of F70. The band structure and the energy potential
positions demonstrate that F70 possesses enough oxidative and reductive potential to
oxidize the benzylamine into a benzylamine cationic radical formation (EOX = +0.76 vs.
NHE) and reduce oxygen molecular to active species (Ere = −0.04 vs. NHE). Thus, the
excited electrons transfer onto the surface of TiO2 to reduce O2 to •O2

−, which could
realize electron–hole pairs’ separation and migration efficiently on the composite, while
benzylamine is oxidized by the valence band hole to obtain benzylamine radical cation
(step 1). Then, the benzylamine cationic radical reacts with the active •O2

− radicals
and transforms, subsequently, to Ph-CH=NH intermediate (step 2). Furthermore, the
Ph-CH=NH intermediate could fleetingly react with a benzylamine molecule to form N-
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benzyl-1-phenylmethanediamine intermediate (step 3). Finally, the ammonia group of the
intermediate is eliminated by holes, and the target product N, N-dimethylbenzylamine
(N-BBA), is obtained (step 4).
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3. Experiments
3.1. Materials

The relevant reagents utilized in this paper were purchased and used directly without
further treatment. Triethanolamine (TEOA, >99.0%), terabutyl titanate (TBTA ≥ 99.0%),
N, N-dimethylformamide (DMF, 99.9%), acetic acid (≥99.5%), acetonitrile (99.9%), silver
nitrate (AgNO3) and 1,4-Benzoquinone, benzylamine were bought from Innochem com-
pany (Beijing, China). [6,6]-Phenyl C61 butyric acid (F70, 98%) was purchased from Beijing
Allmers chemical S&T company (Beijing, China).

3.2. Synthesis of F70-TiO2 Materials

The structure of F70 and the preparation process of F70-TiO2 are shown in Figure S1.
To prepare F70-TiO2, DMF (2.0 mL), distilled water (0.20 mL), acetic acid (0.30 mL) and
2.0 mL tetrabutyl titanate were subsequently put into a sample bottle to form a transparent
sol substance, and then F70 with different mass contents (0/11.7/15.6/23.4/46.8 mg) was
added and stirred. The mixture changed from light yellow transparent sol to black gel.
After heating at 65°C overnight, a black solid powder was obtained. Then, the residue was
washed with distilled water for 72 h. Finally, the samples were evaporated to complete
dryness to obtain a black powder. The series of catalysts, obtained using the above method
with different F70 mass contents (0/11.7/15.6/23.4/46.8 mg), were denoted as f -TiO2,
F70-TiO2(1:20), F70-TiO2(1:15), F70-TiO2(1:10) and F70-TiO2(1:5), respectively.

3.3. Photocatalytic Studies

The photocatalytic oxidation coupling reaction of benzylamine (BA) was conducted in
a 10 mL Schlenk tube in an air atmosphere with visible light irradiation. The mixture of
0.2 mmol BA and 5 mg photocatalyst samples were added into a 1.5 mL acetonitrile solvent.
Next, the mixture was sonicated for 15 min to mix evenly. Then, the mix was irradiated by
a 300 W Xe lamp with a cutoff filter to obtain visible light (λ > 400 nm). The optical power
density (~1.1 W cm−2) of the Xe lamp was measured by the light intensity meter. After 12 h
irradiation, the mixture was filtered with a nylon needle filter. The supernatant solution
was analyzed by a Shimadzu Gas Chromatograph (GC-2014C) with an RTX-5 capillary
column. The results are shown in Table 1 and Figure S4. The conversion rate of BA and the
selectivity rate on N-benzylidene benzylamine (N-BBA) are defined below:

Conversion(%) = [(C0 − C1 )/C0]× 100%
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Selectivity(%) = [C2 × 2/(C0 − C1)]× 100%

where C0, C1 and C2 are the initial concentration of BA, and the concentration of BA and
N-BBA were determined by chromatography, respectively.

3.4. Materials Characterization

UV–vis absorption spectra of solid powder were tested by a Shimadzu UV-2600 spec-
trometer (Shimadzu, Kyoto, Japan). The Fourier Transform Infrared (FT-IR) Spectrogram
was recorded on a Nicolet iS50 spectrometer (Thermo Fisher Scientific, Waltham, MA, USA).
Powder X-ray diffraction (PXRD) studies were performed on a Rigaku Smart Lab with
a diffractometer (Bragg-Brentano geometry, Cu-KA1 radiation, λ = 1.54056 Å) (Rigaku,
Beijing, China). Scanning electron microscope (SEM) and high-resolution field emission
scanning electron microscope (HRSEM) were used to record the morphology on a SU8020
(HITACHI, Tokyo, Japan). Transmission electron microscopy (TEM) images, high-resolution
transmission electron microscopy (HRTEM) images, energy dispersive X-ray spectroscopy
(EDX), high-angle annular selected area electron diffraction (SAED) patterns and elemental
mapping images were achieved by an FEI Talos F200X transmission electron microscope
(FEI, Hillsboro, OR, USA). X-ray photoelectron spectroscopy (XPS) measurements were
performed using a monochromatic Al Kα X-ray radiation source with 1.487 keV (Thermo
escalab 250Xi, Thermo Fisher Scientific, Waltham, MA, USA). Gas adsorption tests were
carried out on the Auto-sorbiQ2-MP analyzer (Quantachrome, Beijing, China) with ultra-
high purity N2. Thermogravimetric (TG) analysis was performed on a thermal analyzer
(449 F5/F3 Jupiter NETZSCH, Free State of Bavaria, Germany) from 30 to 600 ◦C in air. The
Mott–Schottky curves, the electrochemical impedance measurements and the photocurrent
response (300 W xenon lamp with 400 nm cut-off filter as the light source) were performed
on the electrochemical analyzer (Ivium Technologies B.V., Eindhoven, The Netherlands)
with a three-electrode cell. To prepare the working electrolyte, samples were added to
the solution of Nafion in ethanol. The electrolyte was 0.25 M Na2SO4 solution. Ag/AgCl
electron with saturated KCl electrolyte solution was used as a reference electrode, and the
platinum plate worked as a counter electrode.

4. Conclusions

In summer, a series of organic–inorganic hybrid materials based on fullerene deriva-
tives and TiO2 were prepared by the facile sol–gel method. Among them, catalyst F70-TiO2
(1:15) (the mass ratio of F70 and TiO2) had an outstanding photocatalytic transformation
and high selectivity for the oxidative coupling of the benzylamine (BA) to N-benzylidene
benzyl-amine (N-BBA) at atmospheric pressure under visible light irradiation. The results
on characterization of morphology, structure and mechanism shows that an excellent syn-
ergistic effect exists between the component of the hybrid in comparison to the individual
components. The broad light adsorption ability and excellent photogenerated charge sepa-
ration ability for the hybrid F70-TiO2 (1:15) were the key factors to obtain sufficient reactive
species (h+ and •O2

−) in the photooxidation process in this work. Differing from the usual
photocatalytic reaction with noble metals, the introduction of fullerene, as a functional
carbon material, provides a new perspective for the development of nitrogen-containing
fine chemical products. With the constant consumption of noble metals, attention is gradu-
ally being paid to projects on artificial carbon-containing functional materials in order to
explore their development and application in the photocatalytic field.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28114301/s1, Figure S1: the structure of F70 and Synthesis
of F70-TiO2(1:15); Figure S2: The XRD signal peaks of F70; Figure S3: (a) SEM of f-TiO2, (b) SEM
of F70, (c) SEM, (d) TEM, and (e) HRTEM of F70-TiO2(1:15); Table S1: the BET surface area and the
pore size distributions of f -TiO2 and F70-TiO2(1:15); Figure S4: the EDX of F70-TiO2(1:15); Table S2:
The Atom percentages and the binding energy of f -TiO2 and F70-TiO2(1:15) by the XPS analysis;

https://www.mdpi.com/article/10.3390/molecules28114301/s1
https://www.mdpi.com/article/10.3390/molecules28114301/s1


Molecules 2023, 28, 4301 11 of 12

Figure S5: XPS spectra for f-TiO2 and F70-TiO2 (1:15): (A) Ti 2p, (B) O 1s and (C) C 1s; Figure S6: the
GC-MS spectrogram for the oxidative coupling of benzylamine over F70-TiO2(1:15); Figure S7: The
XRD signal peaks of F70-TiO2(1:15) recycled.

Author Contributions: Conceptualization, Y.C.; validation, Y.C.; investigation, Y.G. and H.L.; re-
sources, Y.C.; data curation, Y.G.; test operation and software, Y.G., H.L., S.S., X.Z., D.K. and B.L.;
writing—original draft preparation, Y.G.; writing—review and editing, Y.G., Y.C. and Y.S.; supervision,
Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Hainan Province Natural Science Foundation of China (NO.
220RC460), Hainan University start-up fund (NO. KYQD(ZR)1955).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this article are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are not available from the authors.

References
1. Murahashi, S.I. Synthetic aspects of metal-catalyzed oxidations of amines and related reactions. Angew. Chem. Int. Ed. 1995, 34,

2443–2465. [CrossRef]
2. Kobayashi, S.; Ishitani, H. Catalytic enantioselective addition to lmines. Chem. Rev. 1999, 99, 1069–1094. [CrossRef]
3. Patil, R.D.; Adimurthy, S. Catalytic methods for imine synthesis. Asian J. Org. Chem. 2013, 2, 726–744. [CrossRef]
4. Dutta, B.; March, S.; Achola, L.; Sahoo, S.; He, J.; Amin, A.S.; Wu, Y.; Poges, S.; Alpay, P.; Suib, S. Mesoporous cobalt/manganese

oxide: A highly selective bifunctional catalyst for amine-imine transformations. Green Chem. 2018, 20, 1–30. [CrossRef]
5. Lang, X.J.; Zhao, J.C.; Xiaodong, C. Visible-light-induced photoredox catalysis of dye-sensitized titanium dioxide: Selective

aerobic oxidation of organic sulfides. Angew. Chem. Int. Ed. 2016, 55, 4697–4700. [CrossRef]
6. Lang, X.J.; Chen, X.D.; Zhao, J.C. Heterogeneous visible light photocatalysis for selective organic transformations. Chem. Soc. Rev.

2014, 43, 473–486. [CrossRef] [PubMed]
7. Li, G.S.; Jiang, B.; Li, X.; Lian, Z.C.; Xiao, S.N.; Zhu, J.; Zhang, D.Q.; Li, H.X. C60/Bi2TiO4F2 Heterojunction photocatalysts with

Enhanced visible-light activity for environmental remediation. ACS Appl. Mater. Interfaces 2013, 5, 7190–7197. [CrossRef]
8. Hoffmann, M.R.; Martin, S.T.; Choi, W.Y.; Bahnemann, D.W. Environmental applications of semiconductor photocatalysis. Chem.

Rev. 1994, 95, 69–96. [CrossRef]
9. Long, Y.Z.; Lu, Y.; Huang, Y.; Peng, Y.C.; Lu, Y.J.; Kang, S.Z.; Mu, J. Effect of C60 on the photocatalytic activity of TiO2 nanorods.

J. Phys. Chem. C 2009, 113, 13899–13905. [CrossRef]
10. Yu, J.C.; Ho, W.K.; Yu, J.G.; Yip, H.Y.; Wong, P.K.; Zhao, J.C. Efficient visible-light-induced photocatalytic disinfection on

sulfur-doped nanocrystalline titania. Environ. Sci. Technol. 2005, 39, 1175–1179. [CrossRef] [PubMed]
11. Zhang, N.; Han, C.; Xu, Y.J.; Foley IV, J.J.; Zhang, D.T.; Codrington, J.; Gray, S.K.; Sun, Y.G. Near-field dielectric scattering

promotes optical absorption by platinum nanoparticles. Nat. Photonics 2016, 10, 473–482. [CrossRef]
12. Paul, A.D.; Jeremy, J.P.; Devyn, E.D. Plasmonic enhancement of visible-light water splitting with Au-TiO2 composite aerogels.

Nanoscale 2013, 5, 8073–8083.
13. Zhang, J.; Liao, W.Q.; Zheng, H.; Zhang, Y.S.; Xia, L.B.; Teng, B.T.; Lu, J.Q.; Huang, W.X.; Zhang, Z.H. Morphology-engineered

highly active and stable Pd/TiO2 catalysts for CO2 hydrogenation into formate. J. Catal. 2022, 405, 152–163. [CrossRef]
14. Mukurala, N.; Suman, S.; Bhardwaj, A.; Mokurala, K.; Jin, S.H.; Kushwaha, A.K. Cu2FeSnS4 decorated Ni-TiO2 nanorods

heterostructured photoanode for enhancing water splitting performance. Appl. Surf. Sci. 2012, 551, 149377. [CrossRef]
15. Xiang, Q.J.; Yu, J.G.; Jaroniec, M. Nitrogen and sulfur co-doped TiO2nanosheets with exposed {001} facets: Synthesis, characteriza-

tion and visible-light photocatalytic activity. Phys. Chem. Chem. Phys. 2011, 13, 4853–4861. [CrossRef]
16. Xiang, Q.J.; Yu, J.G.; Wang, W.G.; Jaroniec, M. Nitrogen self-doped nanosized TiO2 sheets with exposed {001} facets for enhanced

visible-light photocatalytic activity. Chem. Comm. 2001, 47, 6906–6908. [CrossRef]
17. Zhang, N.; Yang, M.Q.; Liu, S.Q.; Sun, Y.G.; Xu, Y.J. Waltzing with the versatile platform of graphene to synthesize composite

photocatalysts. Chem. Rev. 2015, 115, 10307–10377. [CrossRef]
18. Zhang, Y.H.; Tang, Z.R.; Fu, X.Z.; Xu, Y.J. TiO2 graphene nanocomposites for gas-phase photocatalytic degradation of volatile

aromatic pollutant: Is TiO2-graphene truly different from other TiO2-Carbon Composite Materials? ACS Nano 2010, 4, 7303–7314.
[CrossRef]

19. Zhang, N.; Zhang, Y.H.; Xu, Y.J. Recent progress on graphene-based photocatalysts: Current status and future perspectives.
Nanoscale 2012, 4, 5792–5813. [CrossRef]

https://doi.org/10.1002/anie.199524431
https://doi.org/10.1021/cr980414z
https://doi.org/10.1002/ajoc.201300012
https://doi.org/10.1039/C8GC00862K
https://doi.org/10.1002/anie.201600405
https://doi.org/10.1039/C3CS60188A
https://www.ncbi.nlm.nih.gov/pubmed/24162830
https://doi.org/10.1021/am401525m
https://doi.org/10.1021/cr00033a004
https://doi.org/10.1021/jp902417j
https://doi.org/10.1021/es035374h
https://www.ncbi.nlm.nih.gov/pubmed/15773492
https://doi.org/10.1038/nphoton.2016.76
https://doi.org/10.1016/j.jcat.2021.11.035
https://doi.org/10.1016/j.apsusc.2021.149377
https://doi.org/10.1039/C0CP01459A
https://doi.org/10.1039/c1cc11740h
https://doi.org/10.1021/acs.chemrev.5b00267
https://doi.org/10.1021/nn1024219
https://doi.org/10.1039/c2nr31480k


Molecules 2023, 28, 4301 12 of 12

20. Kalinowski, J.; Giro, G.; Camaioni, N.; Fattori, V.; Marco, P.D. Photoconduction in solid films of C60. Synth. Met. 1996, 77, 181–188.
[CrossRef]

21. Yang, M.Q.; Zhang, N.; Xu, Y.J. Synthesis of fullerene, carbon nanotube, and graphene TiO2 nanocomposite photocatalysts for
selective oxidation: A comparative study. ACS Appl. Mater. Interfaces 2013, 5, 1156–1164. [CrossRef]

22. Nierengarten, J.F.; Gu, T.; Aernouts, T.; Geens, W.; Poortmans, J.; Hadziioannou, G.; Tsamouras, D. Fullerene oligophenyle-
neethynylene conjugates: Relationships between charge-carrier mobility, photovoltaic characteristics and chemical structure.
Appl. Phys. A 2004, 79, 47–49. [CrossRef]

23. Zhu, S.B.; Xu, T.G.; Fu, H.B.; Zhao, J.C.; Zhu, Y.F. Synergetic effect of Bi2WO6 photocatalyst with C60 and enhanced photoactivity
under visible irradiation. Environ. Sci. Technol. 2007, 41, 6234–6239. [CrossRef] [PubMed]

24. Yu, G.; Gao, J.; Hummelen, J.C.; Wudi, F.; Heeger, A.J. Polymer photovoltaic cells: Enhanced efficiencies via a network of internal
donor-acceptor heterojunctions. Science 1995, 270, 1789–1791. [CrossRef]

25. Dong, G.F.; Zheng, H.Y.; Duan, L.; Wang, L.D.; Qiu, Y. High-performance Organic optocouplers based on a photosensitive
interfacial C60/NPB heterojunction. Adv. Mater. 2009, 21, 2501–2504. [CrossRef]

26. Katsumata, K.I.; Matsushita, N.; Okada, K. Preparation of TiO2-fullerene composites and their photocatalytic activity under
visible light. Int. J. Photoenergy 2012, 2012, 256096. [CrossRef]

27. Hotta, H.; Kang, S.; Umeyama, T.; Matano, Y.; Yoshida, K.; Isoda, S.; Imahori, H. Effects of fullerene substituents on structure
and photoelectrochemical properties of fullerene nanoclusters electrophoretically deposited on nanostructured SnO2 electrodes.
J. Phys. Chem. B 2005, 109, 5700–5706. [CrossRef] [PubMed]

28. Meng, Z.D.; Zhang, F.Z.; Zhu, L.; Park, C.Y.; Ghosh, T.; Choi, J.G.; Oh, W.C. Synthesis and characterization of M-fullerene/TiO2
photocatalysts designed for degradation azo dye. Mat. Sci. Eng. C 2012, 32, 2175–2182. [CrossRef]

29. Chen, Y.F.; Huang, J.F.; Shen, M.H.; Liu, J.M.; Huang, L.B.; Zhong, Y.H.; Qin, S.; Guo, J.; Su, C.Y. A porous hybrid material based
on calixarene dye and TiO2 demonstrating high and stable photocatalytic performance. J. Mater. Chem. A 2019, 7, 19852–19861.
[CrossRef]

30. Wu, H.M.; Wang, M.Y.; Jing, F.; Kong, D.R.; Chen, Y.F.; Jia, C.M.; Li, J.W. Enhanced photocatalytic hydrogen production
performance of pillararene-doped mesoporous TiO2 with extended visible-light response. Chin. Chem. Lett. 2022, 33, 1983–1987.
[CrossRef]

31. Jing, F.; Guo, Y.M.; Li, B.; Chen, Y.F.; Jia, C.M.; Li, J.W. Enhanced photocatalytic hydrogen production under visible light of
an organic-inorganic hybrid material based on enzo [1,2-b:4,5-b’] dithiophene polymer and TiO2. Chin. Chem. Lett. 2022, 33,
1303–1307. [CrossRef]

32. Huang, J.F.; Liu, J.M.; Xiao, L.M.; Zhong, Y.H.; Liu, L.; Qin, S.; Guo, J.; Su, C.Y. Facile synthesis of porous hybrid materials based
on Calix-3 dye and TiO2 for high photocatalytic water splitting performance with excellent stability. J. Mater. Chem. A 2019,
7, 2993. [CrossRef]

33. Kenji, K.; Masaki, Y.; Emi, F.; Toru, K.; Masafumi, U.; Minoru, H. High performance of Si-O-Ti bonds for anchoring sensitizing
dyes on TiO2 electrodes in dye-sensitized solar cells evidenced by using alkoxysilylazobenzenes. Chem. Lett. 2010, 39, 260–262.

34. Zhang, L.; Cole, J.M. Anchoring groups for dye-sensitized solar cells. ACS Appl. Mater. Interfaces 2015, 7, 3427–3455. [CrossRef]
35. Pandey, S.; Mishra, S.B. Sol-gel derived organic-inorganic hybrid materials: Synthesis, characterizations and applications.

J. Sol-gel. Sci. Technol. 2011, 59, 73–94. [CrossRef]
36. Wen, J.Y.; Wilkes, G.L. Organic/inorganic hybrid network materials by the sol-gel approach. Chem. Mater. 1996, 8, 1667–1681.

[CrossRef]
37. Trofymchuk, I.M.; Roik, N.; Belyakova, L. Sol-gel synthesis of ordered β-cyclodextrin-containing silicas. Nanoscale Res. Lett. 2016,

11, 174. [CrossRef]
38. Zhang, Z.; Zhao, C.; Duan, Y.; Wang, C.; Zhao, Z.; Wang, H.; Gao, Y. Phosphorus-doped TiO2 for visible light-driven oxidative

coupling of benzylamines and photodegradation of phenol. Appl. Surf. Sci. 2020, 527, 146693. [CrossRef]
39. Wang, H.T.; Yu, J.N.; Wei, S.; Lin, M.M.; Song, Y.J.; Wu, L. Surface coordination enhanced visible-light photocatalytic coupling

of benzylamine to N-benzylidene benzylamine over the Pd/NH2-MIL-125 (Ti) nanosheets. Chem. Eng. J. 2022, 441, 1360600.
[CrossRef]

40. Anpo, M.; Costentin, G.; Giamello, E.; Lauron-Pernot, H.; Sojka, Z. Characterization and reactivity of oxygen species at the surface
of metal oxides. J. Catal. 2021, 393, 259–280. [CrossRef]

41. Juntrapirom, S.; Tantraviwat, D.; Thongsook, O.; Oraphan, A.; Supanan, P.; Soraya, C. Natural sunlight driven photocatalytic
coupling of primary amines over TiO2/BiOBr heterojunction. Appl. Surf. Sci. 2021, 545, 149015.1–149015.7. [CrossRef]

42. Liu, H.; Xu, C.; Li, D.; Jiang, H.L. Photocatalytic hydrogen production coupled with selective benzylamine oxidation over MOF
composites. Angew. Chem. Int. Ed. 2018, 57, 5379–5383. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/0379-6779(96)80084-1
https://doi.org/10.1021/am3029798
https://doi.org/10.1007/s00339-003-2501-1
https://doi.org/10.1021/es070953y
https://www.ncbi.nlm.nih.gov/pubmed/17937308
https://doi.org/10.1126/science.270.5243.1789
https://doi.org/10.1002/adma.200803152
https://doi.org/10.1155/2012/256096
https://doi.org/10.1021/jp044725r
https://www.ncbi.nlm.nih.gov/pubmed/16851616
https://doi.org/10.1016/j.msec.2012.05.048
https://doi.org/10.1039/C9TA06038C
https://doi.org/10.1016/j.cclet.2021.09.095
https://doi.org/10.1016/j.cclet.2021.07.056
https://doi.org/10.1039/C8TA10633A
https://doi.org/10.1021/am507334m
https://doi.org/10.1007/s10971-011-2465-0
https://doi.org/10.1021/cm9601143
https://doi.org/10.1186/s11671-016-1380-2
https://doi.org/10.1016/j.apsusc.2020.146693
https://doi.org/10.1016/j.cej.2022.136020
https://doi.org/10.1016/j.jcat.2020.10.011
https://doi.org/10.1016/j.apsusc.2021.149015
https://doi.org/10.1002/anie.201800320
https://www.ncbi.nlm.nih.gov/pubmed/29508919

	Introduction 
	Results and Discussion 
	Experiments 
	Materials 
	Synthesis of F70-TiO2 Materials 
	Photocatalytic Studies 
	Materials Characterization 

	Conclusions 
	References

