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Abstract

Selective oxidation of saturated C(sp®)-H bonds in hydrocarbon to target chemicals under mild conditions remains a signifi-
cant but challenging task because of the chemical inertness and high dissociation energy of C(sp*)-H bonds. Semiconductor
photocatalysis can induce the generation of holes and oxidative radicals, offering an alternative way toward selective oxidation
of hydrocarbons under ambient conditions. Herein, we constructed N-doped TiO, nanotubes (N-TNTs) that exhibited remark-
able activity and selectivity for toluene oxidation under visible light, delivering the conversion of toluene and selectivity of
benzaldehyde of 32% and > 99%, respectively. Further mechanistic studies demonstrated that the incorporation of nitrogen
induced the generation of N-doping level above the O 2p valance band, directly contributing to the visible-light response of
TiO,. Furthermore, hydroxyl radicals generated by photogenerated holes at the orbit of O 2p were found to be unselective
for the oxidation of toluene, affording both benzaldehyde and benzoic acid. The incorporation of nitrogen was able to inhibit
the generation of hydroxyl radicals, terminating the formation of benzoic acid.
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Introduction resulting in adverse effects on the environment as well as

high energy costs [6—8]. Free radicals and holes are known

Selective oxidation of hydrocarbon to produce high-value-
added oxygenates is being pursued in both fundamental
and applied chemistry [1-5]. Unfortunately, because of
the chemical inertness and high bond dissociation energy
(355-439 kJ/mol) of C(sp®)-H bonds, the activation of
C(sp*)-H bonds is regarded as the most critical step dur-
ing the oxidation of hydrocarbon. Thus, the oxidation of
hydrocarbon is usually operated under harsh reaction condi-
tions with high temperature, pressure, or corrosive reagents,
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to have a superior ability to directly initiate the activation
of C(sp3)—H bonds, even under moderate conditions. Thus,
semiconductor photocatalysis, which can induce the gen-
eration of free radicals and holes, offers an alternative way
toward selective oxidation of hydrocarbons under ambient
conditions [4, 9-20].

As a widely used semiconductor, TiO, has attracted
extensive attention for alkane oxygenation [21-25]. How-
ever, because of its large band gap, the corresponding reac-
tions are usually operated under the irradiation of ultraviolet
(UV) light, which only accounts for approximately 4% of the
total solar spectrum. Furthermore, a wide range of radicals
is able to be initiated at the valence or conduction band of
TiO,, generally resulting in a high degree of non-selectivity
and thus a wide product distribution [26]. Thanks to the
efforts from other groups, various strategies (including vary-
ing crystal structure, constructing hybrid structures, and sur-
face decoration) have been adopted to realize the selective
oxidation of hydrocarbon over TiO,-based catalysts under
visible light [27-29]. For example, Schmuki et al. [26] dis-
covered that the variation of crystal structure from anatase
to rutile was able to increase the selectivity of benzaldehyde
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from 26.55 to 75.66%. Further doping Ru atoms into rutile
elevated the selectivity of benzaldehyde to 89.07% while
achieving the complete suppression of benzoic acid under
the same reaction conditions. In addition, Yin et al. [30]
loaded TiO, nanoparticles on a Bi,MoOj sheet to fabricate
TiO,/Bi,Mo0Q heterostructures that were used to selectively
oxidize toluene to benzaldehyde via visible-light excitation
at a toluene conversion of 1.6%. And Yuan et al. [31] applied
surface-chlorinated BiOBr/TiO, for photocatalytic oxidation
of toluene; the generated chlorine radicals under irradiation
of visible light were highly efficient for C(sp®)-H cleavage.
Although great progress has been achieved in improving
photocatalytic activity, developing a simple way to syn-
chronously achieve high activity and high selectivity of
TiO,-based catalysts during hydrocarbon oxidation under
irradiation with visible light is still urgently desired.
Herein, we successfully constructed a photocatalyst of
N-doped TiO, nanotubes (N-TNTs) by a simple solvothermal
method using NH,Cl as the nitrogen source. The as-obtained
N-TNTs exhibited remarkable activity and selectivity for the
selective activation of C(sp*)—H under visible-light irradia-
tion, delivering the conversion of toluene and selectivity
of benzaldehyde of 32% and > 99%, respectively. Further

mechanistic studies demonstrated that the incorporation of
nitrogen induced the generation of N-doping level above
the O 2p valance band, directly contributing to the visible-
light response of TiO,. Furthermore, the hydroxyl radical
generated by the holes at the orbit of O 2p could result in
the unselective oxidation of toluene to benzaldehyde and
benzoic acid. The incorporation of nitrogen was found to be
able to inhibit the generation of hydroxyl radicals, terminat-
ing the formation of benzoic acid.

Results and Discussion

To produce the photocatalyst, TiO, powders were hydro-
thermally treated in 10 M of NaOH aqueous solution at
150 °C for 12 h, followed by washing with 0.1 M of dilute
HNO; solution and deionized water. After being dried, the
obtained white powders held the nanotubular structure with
the outer and inner diameters of 8 nm and 5 nm, respec-
tively; the material was named as H-TNTs (Fig. la). To
introduce N species into the sample, H-TNTs were treated
with NH,ClI solution at 120 °C for 8 h. This sample was
named as NH,*-TNTs. As shown in Fig. 1b, the effect of the
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Fig. 1 Characterization of the as-obtained samples. TEM images of a H-TNTs, b NH,"-TNTs, and ¢ N-TNTs. XPS spectra of d Ti 2p, e Ols,

and f N1s for N-TNTs
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treatment with NH,Cl on morphology was negligible. Obvi-
ously, the NH,*-TNTs exhibited a nanotubular structure with
similar diameters to those of the H-TNTs (Fig. 1b). Finally,
N-doped TiO, nanotubes (N-TNTs) were obtained via the
calcination of NH,*-TNTs with air at 400 °C. As shown in
transmission electron microscopy (TEM) images, N-TNTs
inherited the nanotubular structures of the H-TNTs and were
accompanied by some nanoparticles because of the partial
sintering (Fig. 1c). To analyze the structure of the particles,
we also conducted HRTEM measurements. As shown in Fig.
S1, the HRTEM image of N-TNTs displayed fringes with an
interplanar spacing of 0.35 nm corresponding to the crystal
planes (101) of TiO,. Thus, the particles observed in the
TEM images are N-TiO, nanoparticles because of the par-
tial sintering, no impurities. The Brunauer—Emmett—Teller
(BET) surface areas of H-TNTs, NH4+—TNTs, and N-TNTs
were also measured to be 335, 354, and 283 mz/g, respec-
tively (Fig. S2 and Table S1). The decreased BET sur-
face area of N-TNTs compared with those of H-TNTs and
NH,*-TNTs was attributed to the partial sintering during cal-
cination. Figure S3 shows X-ray diffraction (XRD) patterns
of all the samples. The raw TiO, powders presented a well-
crystallized anatase structure with the representative peak
of [101] diffraction at the scattering angle (26) of 25.28°.
The XRD peaks for H-TNTs, NH,*-TNTs, and N-TNTs
were found to still be indexed to the anatase phase except
for being less distinct and wider. This difference was attrib-
uted to the thin walls of H-TNTs, NH4+—TNTs, and N-TNTs,
which are comprised of just several crystalline layers [32].
To further characterize the electronic properties of
N-TNTs, we conducted X-ray photoelectron spectroscopy
(XPS) measurements. As shown in the XPS spectrum of Ti
2p (Fig. 1d), four main constituent peaks were fitted: the
two peaks at 458.6 eV and 464.6 eV correspond to Ti*",
and the two peaks at 457.8 eV and 463.5 eV correspond to
Ti**. As for XPS spectrum of O 1s (Fig. le), three peaks
centered at 529.8, 531.7, and 532.7 eV were ascribed to
the lattice oxygen, OH species, and oxygen atoms near the
oxygen vacancy, respectively [33]. N 1s XPS measurement
for N-TNTs was also carried out. As shown in Fig. 1f, an
obvious peak at 400 eV attributed to interstitial N species
[34-36] was observed. The electron spin resonance (ESR)
technique, unlike other spectroscopic techniques, presents
a unique sensibility that allows one to detect paramagnetic
species, even at very low concentrations, such as those typi-
cal of N-doped TiO, systems. These species are character-
ized by comparing the observed ESR hyperfine coupling
constants with the computed values for structural models of
substitutional and interstitial nitrogen impurities. As shown
in Fig. S4, the signals of ESR were fitted into a typical rhom-
bic g (g, =2.0054, g,=2.0036, and g;=2.0030). This result
clearly indicates the presence of a single N atom in the spe-
cies. The absence of H hyperfine lines in the spectrum rules

out the presence of NH, paramagnetic fragments [37]. This
result implies the successful introduction of N into N-TNTs.
As aresult, the N-doped TiO, nanotubes with surface defects
(Ti** and oxygen vacancies) were successfully constructed
by employing NH,Cl as the N source.

The photocatalytic performance of the as-obtained
N-TNTs was evaluated toward aerobic oxidation of toluene.
Each reaction was performed under 1 atm of O, at 25 °C
with CH;CN as the solvent. Figure 2a illustrates the activity
and selectivity for all of the catalysts under the irradiation
of monochromatic light from 9 W LEDs. When the reaction
was catalyzed by anatase, H-TNTs, and NH4+-TNTs under
the irradiation of 455-nm light, no products were observed
(Table S2, entries 1-3). After switching the wavelength of
the monochromatic light to 365 nm, anatase, H-TNTs, and
NH,*-TNTs exhibited photocatalytic activity toward the
oxidation of toluene with the generation of benzaldehyde
and benzoic acid. As shown in Fig. 2a, the selectivity of
benzoic acid for anatase, H-TNTs, and NH4+-TNTS was
determined to be 48%, 64%, and 26%, respectively. As for
N-TNTs, visible light was able to trigger the oxidation of
toluene with the yield and selectivity of benzaldehyde of
32% and > 99%, respectively (Fig. 2a). More importantly,
this remarkable activity and selectivity of N-TNTs were
maintained over 12 h, even under AM 1.5 G illumination
(Fig. 2b). This result was comparable to findings in recent
reports (Table S3). Interestingly, the selectivity of benzalde-
hyde over N-TNTs sharply declined to 35% under irradiation
of 365-nm light (Table S2, entry 4). As a comparison, the
reaction did not proceed in the absence of catalyst or light,
indicative of a photocatalytic process (Table S2, entries
5-6). Note that no CO, was detected in the gaseous phase
for all the cases. To further evaluate the light utilization
efficiency, the wavelength-dependent apparent quantum effi-
ciencies (AQEs) of N-TNTs were determined by measuring
the conversion of toluene under various monochromatic light
irradiation conditions (Fig. 2c). The AQEs were found to be
well matched to the absorption capabilities in the full spec-
trum. Specifically, the AQE at 410 nm was determined to be
4.65%. In addition, the stability of N-TNTs was also studied
by performing successive rounds of reaction. As revealed
in Fig. S5, almost 94% of the original reaction activity was
preserved after five rounds. We also characterized the struc-
ture of the recovered N-TNTs by XRD. As shown in Fig. S6,
the XRD patterns of the sample were indexed to an anatase
phase. Thus, N-TNTs exhibited high stability during the cat-
alytic process. Figure 2d shows the catalytic performance of
the oxidation of C—H bonds in alkyl aromatics using N-TNTs
as the catalyst under the irradiation of 455-nm LEDs for
12 h. For all alkyl aromatics, the selective oxidation of the
C,—H bond was observed over N-TNTs with the generation
of corresponding aldehydes or ketones. As a result, N-TNTs
exhibited excellent applicability in selectively photocatalytic
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Fig.2 a Photocatalytic oxidation of toluene over anatase, H-TNTs,
NH,*-TNTs, and N-TNTs. b Time courses of photocatalytic oxidation
of toluene over N-TNTs under irradiation of 455-nm LEDs and AM

oxidation of the C—H bond to produce the corresponding
aldehydes or ketones.

To quantify the remarkable activity of N-TNTs in the
oxidation of C—H bonds under visible light, we investigated
the optical and electronic structures. Figure 3a shows the
ultraviolet—visible diffuse reflectance spectra (UV—Vis
DRS) of these catalysts. Obviously, no significant absorp-
tion exists in the visible-light region for TiO, because of its
wide band gap (~3.2 eV). As for H-TNTSs, the absorption
edge was located at approximately 370 nm. No significant
difference was observed between NH4+-TNTs and H-TNTs,
indicating the nitrogen atom was not incorporated into the
matrix of the TiO, nanotubes. With regard to N-TNTs, a
significant amount of absorption in the visible-light region
was observed, implying that the doping of nitrogen atoms
directly contributed to the visible-light response of N-TNTs
[38]. Furthermore, the band gaps of H-TNTs and N-TNTs
were determined to be 3.31 and 2.75 eV, respectively,
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according to the transformed Kubelka—Munk function
(Fig. S7). In addition, the incorporation of nitrogen atom
was able to lower the recombination rate of photo-induced
electron—hole pairs, thereby improving the photocatalytic
activity of N-TNTs toward oxidation of toluene. This point
was well verified by photoluminescence (PL) spectroscopy,
where N-TNTs possessed the lowest PL intensity compared
with anatase, H-TNTs, and NH,*-TNTs (Fig. 3b).

To further clarify the origin of remarkable photocatalytic
selectivity for N-TNTs, we explored the catalytic mechanism
in detail by taking the oxidation of toluene as an example.
As shown in Fig. 3c, replacing pure O, with air depressed
the yield of benzaldehyde from 32 to 16%. When the reac-
tion was conducted under pure Ar, nearly no detectable oxi-
dative products were observed. These results indicate that
O, was involved in the photocatalytic oxidation of toluene.
Furthermore, we investigated the active species for N-TNTs
in photocatalytic oxidation of the C—H bond in detail. The
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Fig.3 a Diffuse reflectance UV-Vis of the as-obtained samples.
b PL spectra at the excitation wavelength of 300 nm for the as-
obtained samples. Effects of ¢ reaction atmosphere, d scavenges, and

scavenge measurements were conducted under the irradia-
tion of 455-nm LEDs to identify the active species in the cat-
alytic reactions, where K,S,0y, isopropyl alcohol (IPA), and
ammonium oxalate were used to selectively eliminate elec-
trons (e7), hydroxyl radicals (*OH), and holes (h*), respec-
tively. As shown in Fig. 3d, a total quenching toward the
photocatalytic oxidation of toluene was observed in the pres-
ence of ammonium oxalate, while IPA was found to have lit-
tle influence. The scavenging of K,S,0O; depressed the yield
of benzaldehyde from 32 to 16%. Thus, electrons and holes
were regarded as the active species in the generation of ben-
zaldehyde from photocatalytic oxidation of toluene. As for
N-TNTs, switching the light wavelength from 455 to 365 nm
decreased the selectivity of benzaldehyde to 35% (Table S2).
To our delight, adding IPA further inhibited the production
of benzoic acid. As shown in Fig. 3e, the selectivity of ben-
zaldehyde reached 96% when adding five equivalents of IPA
into the reaction. As mentioned above, the presence of IPA
was able to sweep *OH generated during the reaction. Thus,
we speculate that hydroxyl radicals were produced under the
excitation of ultraviolet light, resulting in the formation of
benzoic acid. Furthermore, to elucidate the reaction mech-
anism, we conducted some control experiments (Fig. 3f).
When employing deuterium-labeling toluene (toluene-d6)

Molar ratio of IPA/Toluene

e different dots of IPA on the photocatalytic oxidation of toluene over
N-TNTs. f Control experiment

as the substrate, the yield of benzaldehyde decreased from
15 to 1% under the same reaction conditions (Fig. 3f). This
primary kinetic isotope effect (KIE) showed that the benzyl
C-H bond oxidation was the rate-determining step. Fur-
thermore, when tetra-methylpiperidine N-oxide (TEMPO),
highly selective for carbon-centered radicals [39], was added
into the reaction system, the activity was almost completely
lost. In addition, after replacing the reaction atmosphere of
O, with pure Ar, bibenzyl was observed (Fig. S8). Accord-
ingly, we assign a carbon-centered radical as the reaction
intermediate during the photocatalytic oxidation of toluene
over N-TNTs.

Based on all the above results, we propose the tentative
reaction mechanism depicted in Fig. 4. The incorporation
of the N element into TiO, upward shifted the VB edge via
the generation of an N-doping level above the O 2p valance
band. The N-doping also converted Ti** species to Ti** spe-
cies by charge compensation. The 3d orbital of Ti** species
in TiO, served as a donor with energy below the conduc-
tion band. Both of these cases contributed to the visible-
light response of TiO,. More importantly, the upward shift
of the VB edge was able to inhibit the generation of *OH.
As a result, under visible-light irradiation, the photogen-
erated holes removed a hydrogen ion from benzylic carbon

@ Springer



336

T.Hou et al.

0,
Ti3d ( P 4
of )
Inhibition A - &
a1 VO :
z 1= = P
CHs 2 2 < )
> 2 ‘
=) % CHs CHO
bbb S Visible light
N N-dopinghlevel
.OH h*"h* h*
02p
COOH
‘O, + H* or OH

Fig.4 Proposed mechanism

to generate an alkyl radical. The photogenerated electron
was then transferred to O,, producing a superoxide anion
radical. The alkyl radical reacted with superoxide to produce
hydroperoxide. Next, the hydroperoxide was converted to
benzaldehyde. In the case of pristine TiO,, photogenerated
carriers were generated only under the irradiation of UV
light. The photogenerated holes located at the orbit of O
2p were able to generate hydroxyl radicals, which further
induced the formation of benzoic acid.

Conclusions

In conclusion, we successfully constructed a photocatalyst
of N-TNTs toward toluene oxidation under visible light by
a simple solvothermal method with NH,CI as the nitrogen
source, delivering the conversion of toluene and selectivity
of benzaldehyde of 32% and > 99%, respectively. Further
mechanistic studies demonstrated that the incorporation of
nitrogen induced the generation of N-doping level above
the O 2p valance band, directly contributing to the visible-
light response of TiO,. Furthermore, the hydroxyl radical
generated by the holes at the orbit of O 2p could result in the
unselective oxidation of toluene to benzaldehyde and ben-
zoic acid. The incorporation of nitrogen was able to inhibit
the generation of hydroxyl radicals, thereby terminating
the formation of benzoic acid. This work provides not only
a strategy for developing efficient photocatalysts but also
potentially a pathway toward greener industrial processes,
especially for temperature-sensitive synthesis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s12209-021-00292-w.
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