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ABSTRACT: Selective cleavage of C—C bonds is pursued as
a useful chemical transformation method in biomass
utilization. Herein, we report a hybrid CuO,/ceria/anatase
nanotube catalyst in the selective oxidation of C—C bonds
under visible light irradiation. Using the lignin -1 model as a
substrate offers 96% yields of benzaldehydes. Characterization
results by high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) and energy-dispersive
X-ray spectroscopy element (EDX) mapping reveal that CuO,
clusters are highly dispersed on the exposed anatase surface as
well as on the nanosized ceria domains. In-depth investigations
by Raman and ultraviolet visible diffuse reflectance spectra
(UV—vis DRS), together with density functional theory
(DFT) calculations, further verify that the CuO, clusters

C-C cleavage Enhancement

Sel. 98% (Yang)

present on the ceria domains increase the concentration of surface defects (Ce®* ions and oxygen vacancies) and accordingly
improve the photocatalytic activity (Yang character); the CuO,, clusters decorating on anatase suppress the side reaction (oxy-
dehydrogenation without C—C bond cleavage) because of an upward shift in the valence band (VB) edge of anatase (Yin
character). Mechanism investigation indicates hydrogen abstraction from f-carbon by photogenerated holes is a vital step in the

conversion.
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B INTRODUCTION

The selective oxidation of C—C bonds is a significant process to
produce oxygenates.' As an alternative and sustainable
feedstock, lignin accounts for around 30% of the weight of
lignocellulosic biomass.” The presence of C—C bonds is one of
the reasons for lignin’s recalcitrance to be converted into
monomers. As a typical C—C bond, the -1 linkage connects
two phenyl groups by replacement of the O-bound phenoxy
unit with a C-bound aryl group (Scheme 1). Baker, Hanson, et
al. have reported the cleavage of -1 bonds over a copper(I)
trifluoromethanesulfonate catalyst assisted by 10 mol % of
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and 10 equiv of
2,6-lutidine.” Shi’s group has developed a protocol to fragment
lignin f-1 models using sodium persulfate as an oxidant at 100
°C.* Very recently, our group has reported a Cu(OAc),/BFj:
OFEt, catalytic system for C—C bond cleavage in f3-1 ketones.’
However, a facile and efficient catalytic system that can achieve
the lignin -1 C—C bond cleavage is desired but far less
developed.
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Photocatalytic processes hold great promise in reducing the
energy consumption in organic reactions’ and have attracted
broad interest.” These processes will be of significance to realize
the photolysis of lignin into monomers under mild conditions.”
When a C—C bond is a targeted linkage to be cleaved, the
activation of the Cy—H bond is a requisite (Scheme 1)
However, once the C—OH bond is converted to a ketone via
oxy-dehydrogenation, the C,—C; bond dissociation energy
(BDE) increases from 294.7 to 354.2 kJ/mol, and consequently
the ketone formed is more difficult to convert. This is different
from the cleavage of the #-O-4 bond, which is easier to cleave
once the C—OH bond is preoxidized to a ketone.*>'* Thus, a
highly selective catalyst to oxidize -1 C—C bonds should
selectively activate C;—H bonds but suppress the formation of
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Scheme 1. Oxy-Dehydrogenation Reaction Competes with C—C Cleavage Reaction in the Oxidation of -1 Model

C,-Cpp BDE: 354.2 ki/mol

C-C cleavage
B

A
2

C,-Cp BDE: 294.7 kJ/mol

B-1 model

No Reaction

"4
N

ketone. This has rarely been achieved in heterogeneous
photocatalysis."'

We herein report the bifunctionality of CuO,, clusters in the
photolysis of C—C bonds, especially in the lignin $-1 model.
Catalytic results show that decoration of CuO, clusters on
ceria/anatase significantly promotes C—C bond cleavage with
98% selectivity of benzaldehyde under visible light. The
reaction mechanism involves hydrogen abstraction from a
benzylic carbon (f-C) by the photogenerated holes, which is
supported by control experiments and kinetic isotope effect
(KIE) investigations. Detailed studies, including X-ray
diffraction (XRD), HAADF-STEM, EDX mapping, physical
absorption, and Raman and UV-vis DRS as well as DFT
calculations, reveal that the highly dispersed CuO,, clusters have
dual characters on both ceria domains and exposed anatase
nanotubes: ie., promoting the C—C bond cleavage (Yang
character) and inhibitin% unwanted oxy-dehydrogenation
reactions (Yin character).'* This study attains selective C—C
bond oxidation to benzaldehydes, particularly in the presence of
competitive ketone formation reaction, using photoenergy by
controlling the decoration location of CuO,, clusters. Although
copper catalysts have been known to activate C—C bonds,”
such dual characters of CuO, clusters in heterogeneous catalysis
are very rare.

B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals were of analytical
grade, purchased from Aladdin Chemicals Co. Ltd. (Shanghai,
People’s Republic of China) and used without further
purification.

Catalyst Preparation. TiO, nanotubes were synthesized by
a hydrothermal approach, which has been described in detail
elsewhere.” Briefly, 5 g of TiO, (anatase) powder was
dispersed in 70 mL of 10 M NaOH with stirring. The mixture
was then transferred into a 150 mL Teflon-lined autoclave. The
autoclave was then sealed and placed in a preheated oven at
140 °C for 20 h. The precipitated powder was filtered and
washed several times with 0.1 M HNO; and deionized water
until the filtrate solution became neutral. Then it was air-dried
at 105 °C overnight. The resulting product was denoted as A-
NTs. The rutile nanotubes (R-NTs) were prepared by the same
procedure.

The ceria sample was prepared by a conventional
precipitation method reported by our group.'* Briefly, 5.0 g
of Ce(NO,);:6H,0 was dissolved in 100 mL of Millipore-
purified water (18 mQ cm), and the solution was adjusted to
pH 10.0 by the addition of NH;-H,O with magnetic stirring at
room temperature. The resulting gel mixture was washed with
pure water, dried in an oven at 120 °C overnight, and calcined
at 400 °C in air for 6 h.
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For ceria/A-NT, CuO,/A-NT, and CuO,/ceria/A-NT nano-
composites, a wet-chemical deposition precipitation (DP)
method was employed. The preparation procedure was as
follows: 0.87 g of Ce(NO;);:6H,0 was dissolved in 100 mL of
Millipore-purified water and mixed with 1.6 g of the as-
prepared anatase nanotubes. Sufficient NH;-H,O (25—28 wt
%) was then added with vigorous stirring to adjust the pH to
10. After that, this mixture was stirred again for S h and then
aged for 4 h without stirring at room temperature. The
resulting product was filtered, dried at 105 °C overnight, and
calcined at 400 °C for 2 h to generate ceria/A-NTs. Other
TiO,-supported catalysts, such as CuO,/A-NTs, CuO,/ceria/
A-NTs, and ceria/R-NTs, were prepared by the same wet-
chemical DP method. Note that, for all of the catalysts, the Ce/
Ti, Cu/Ce and Cu/Ti molar ratios were 1/10, 1/4, and 1/40,
respectively.

Catalyst Characterizations. Powder X-ray diffraction
patterns were conducted on a PANalytical X-Pert PRO
diffractometer, using Cu Ko radiation at 40 kV and 20 mA.
Continuous scans were collected in the 26 range of 10—80°.

Scanning transmission electron microscopy (STEM) was
performed using a FEI Titan 80-200 (ChemiSTEM) electron
microscope operated at 200 kV, equipped with a spherical-
aberration (Cs) probe corrector (CEOS GmbH) and a high-
angle annular dark field (HAADF) detector. A probe semiangle
of 25 mrad and an inner collection semiangle of the detector of
88 mrad were used. Compositional maps were obtained with
energy-dispersive X-ray spectroscopy (EDX) using four large-
solid-angle symmetrical Si drift detectors. For EDX analysis, Cu
K, Ti K, and Ce L peaks were used. High-resolution
transmission electron microscopy (HRTEM) investigations
were performed using an FEI-Titan 80-300 electron micro-
scope equipped with a Cs corrector for the objective lens. The
microscope was operated at a voltage of 300 kV using the
negative-Cs imaging technique (NCSL, with Cs set at around
~13 um and defocus around +6 nm).

The Brunauer—Emmett—Teller (BET) surface areas, total
pore volumes, and average pore sizes of the samples were
measured by N, adsorption and desorption on a Quadrasorb SI
instrument (Quantachrome, USA) at liquid nitrogen temper-
ature (77.3 K). Before measurement, the sample was degassed
under vacuum conditions at 300 °C for S h. The BET specific
surface area was calculated from the adsorption data in the
relative pressure range between 0.0S and 0.30.

Raman spectra were recorded on a confocal microscopic
Raman spectrometer (Bruker Optics Senterra) using a laser
with a wavelength of 532 nm.

UV—vis diffuse reflectance spectra were recorded on a
JASCO V-550 UV—vis spectrophotometer.

DOI: 10.1021/acscatal.7b00629
ACS Catal. 2017, 7, 3850—3859



ACS Catalysis

Research Article

Photocatalytic Activity Tests. Photocatalytic aerobic
oxidation reactions were carried out in a homemade LED
photoreactor. Typically, 0.05 mmol of 1,2-diphenylethanol
(substrate 1) and 10 mg of photocatalyst were added to 1 mL
of solvent in a 4 mL quartz tube. The system was replaced with
O, for 1 min before it was sealed with a ground glass stopper
and Parafilm. The quartz tube was then irradiated with 455 nm
LED light. The conversion of 1,2-diphenylethanol and yield of
benzaldehyde (1a) were determined by gas chromatography
(GC) with n-dodecane as the internal standard. The
selectivities of products were determined by GC-MS with the
corresponding area percentage. Caution! Specific protection by
wearing eye goggles to shield 455 nm light is mandatory to avoid
injuring eyes.

Computational Method of PEDOS. All of the first-
principles electronic structure calculations were carried out
using the Vienna ab initio simulation package (VASP)," one
density functional theory implementation. The exchange
correlation potential was described by the Perdew—Burke—
Ernzerhof (PBE)'® formulation of the generalized gradient
approximation (GGA). The ion—electron interactions were
represented by the projector augmented wave (PAW)"
method, while the valence electrons (2s*2p* of O,
3s%3p©3d*4s® of Ti, and 3d'%4s of Cu) were expanded by a
plane wave basis set with an energy cutoff of 400 eV. The k-
point sampling was performed using the Monkhorst—Pack
scheme.'® The electronic self-consistent minimization was
converged to 107 eV, and the geometry optimization was
converged to 107* eV. The self-interaction error (SIE) was
mitigated using the DFT+U method by Dudarev and his
colleagues.” A typical U value of 4.5 €V was used for Ti.

The lattice constants of anatase TiO, were optimized to be a
= 3.855 A and ¢ = 9.661 A, in good agreement with the
experimental constants, a = 3.782 A and ¢ = 9.502 A.*° We used
them to build a p(2 X 4) TiO,(101) slab with 12 atomic layers
and a vacuum of 15 A. Atoms in the bottom 6 atomic layers
were fixed to their bulk positions, while the rest were allowed to
fully relax. A 4 X 3 X 1 k-point mesh was used.

Computational Method of BDE. The Vienna ab initio
package (VASP)*' was employed to perform spin-polarized
DFT calculations within the generalized gradient approxima-
tion (GGA) using the PBE* functional formulation. The ionic
cores were described by the projected augmented wave (PAW)
pseudopotentials.”® 1s of H, 2s22p* of C, and 2s%2p* of O
electrons were explicitly taken into account using a plane wave
basis set with an energy cutoft of 400 eV. Partial occupancies of
the Kohn—Sham orbitals were allowed using the Gaussian
smearing method and a width of 0.05 eV. All of the molecules
and radicals after bond cleavage were put separately and relaxed
fully in a cubic box with a side length of 20 A. Brillouin zone
integration was performed using a 2 X 2 X 2 Monkhorst—Pack
grid. The electronic energy was considered self-consistent when
the energy change was 1077 eV. A geometry optimization was
considered convergent when the energy change was 107° V.

B RESULTS AND DISCUSSION

Photocatalytic Oxidation of Lignin -1 Model. We first
explored the oxidation of 1,2-diphenylethanol under 455 nm
visible light irradiation (Figure 1). The reaction did not proceed
in the absence of catalyst. Pristine ceria exhibited moderate
activity toward C—C bond cleavage of the f-1 lignin model
under visible light and gave 35% conversion of substrate 1 with
98% selectivity of C—C bond cleavage. The photocatalytic
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Figure 1. Photocatalytic activity of different photocatalysts for
oxidation of substrate 1. Reaction conditions: substrate 1 (0.05
mmol), catalyst (10 mg), CH;CN (1.0 mL), O, (1 atm), 9.6 W LED
(centered at 455 nm), room temperature, S h. Legend: (a) with 1b as
substrate; (b) reaction time 10 h; (c) reaction conducted in the dark.

activity of ceria depends on the concentratlon of surface defect
sites (Ce** ions and O vacancies).”* Tuning the surface defects
could tailor the photoreactivity of ceria catalysts.”> Aiming at
achieving defected ceria, we dispersed ceria on anatase
nanotubes (A-NTs) by a deposition—precipitation (DP)
method with a Ce/Ti molar ratio of 1/10. The as-prepared
ceria contained abundant Ce* and oxygen vacancies at the
exposed interface of ceria and anatase.'*” Expectedly, the
conversion of 1 over ceria/A-NTs reached 64%. Benzaldehyde
was the major product. However, such a catalyst showed 25%
selectivity of oxy-dehydrogenation to diphenylethanone (1b),
indicating that the ceria/A-NT catalyst has oxy-dehydrogen-
ation ability. Employing diphenylethanone (1b) as substrate
gave no benzaldehyde, implying that the oxy-dehydrogenation
reaction to ketone is parallel to the C—C cleavage reaction to
benzaldehyde. Replacing the anatase nanotube support by rutile
nanotubes decreased the conversion but did not increase
selectivity.

In order to increase benzaldehyde selectivity, the parallel oxy-
dehydrogenation reaction should be suppressed. Previous
studies have shown that the modification w1th _copper oxides
could alter the photocatalytic activity of TiO,.”® On the other
hand, the copper-based catalysts are favorable for thermal
oxidative cleava7ge of C—C bonds, as reported by other groups
and ours.'*”"*” Therefore, we prepared a catalyst by mixing
copper and cerium salt precursors and precipitating them on A-
NTs by the DP method, denoted CuO,/ceria/A-NTs (2 wt %
CuO loading relative to ceria/A-NTs) for this reaction. The
conversion of substrate 1 increased to 75%, surprisingly with
98% selectivity of benzaldehyde. Extension of the reaction time
to 10 h realized complete conversion of substrate 1 with >99%
selectivity of benzaldehyde. The oxy-dehydrogenation reaction
was almost completely suppressed. Control reactions using A-
NTs and CuO,/A-NTs as catalysts under the same conditions
gave no product,”® indicating that ceria plays a key role in this
photocatalytic system. Moreover, it is a photocatalytic reaction
and did not occur in the dark.

We then investigated the photo-oxidation of a more complex
-1 model, 1-(3,4-dimethoxyphenyl)-2-(4-methoxyphenyl)-
propane-1,3-diol (substrate 2), with y-hydroxyl and methoxyl

DOI: 10.1021/acscatal.7b00629
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Scheme 2. Photocatalytic C—C Bond Cleavage of Nonphenolic Lignin Model Substrate 2 to Aromatic Aldehydes over CuO,/
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“Reaction conditions: substrate 2 (0.0S mmol), CuO,/ceria/A-NTs (10 mg), CH;CN (1.0 mL), O, (1 atm), 9.6 W LED (centered at 455 nm),
room temperature, 24 h. The yields of aldehydes were determined by GC with n-dodecane as the internal standard.

substituents (Scheme 2). The cleavage of C—C bonds offered a
96% yield of veratraldehyde and a >99% yield of anisic aldehyde
even in the presence of y-hydroxyl and methoxyl groups. The
Cu/substrate ratio and temperature of reaction are lower and
the yields of aromatic aldehydes are higher in comparison to
those of a homogeneous copper catalyst.’

XRD and TEM Characterization of the Photocatalysts.
Such unexpected results motivated us to investigate the
structure of the catalysts. XRD diffraction patterns of the as-
prepared ceria and A-NT's are dominated by the expected lines
for fec fluorite CeO, (JCPDS: 34-0394) and anatase (JCPDS:
21-1272), respectively (Figure 2). The characteristic peaks of
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Figure 2. XRD patterns of ceria, A-NT, ceria/A-NT, CuO,/ceria/A-
NT, and CuO,/A-NT photocatalysts, respectively.

crystalline ceria are not observed except for a weak and broad
peak at 28.6° for ceria/A-NTs and CuO,/ceria/A-NTs. It is
well accepted that, if the size of crystalline particles is smaller
than 4 nm, their dlffractlon peaks will be significantly
broadened or even absent.”” Therefore, the disappearance of
ceria diffraction peaks is due to the high dispersion of ceria.
After CuO, was decorated onto ceria/A-NTs or A-NTs (2 wt %
respective to ceria/A-NTs), no extra diffraction lines attributed
to CuO, were observed, indicating the high dispersion of CuO,,.

To investigate the microstructure of the photocatalysts,
HRTEM, HAADF-STEM, EDX mapping, and fast Fourier
transform (FFT) characterizations were then carried out
(Figure 3 and Figure S1 in the Supporting Information). The
as-prepared anatase sample has a nanotube structure with outer
and inner diameters of about 10 and 6.5 nm, respectively
(Figure Sla). The CuO,/ceria/A-NTs consist of uniform and
well-dispersed nanoparticles on the ridged surface of the
anatase nanotubes. A comparison between the high-resolution
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STEM image (Figure 3d) and the EDX maps confirms that the
bright dots are ceria nanoparticles. The size of the ceria ranged
from 2 to 8 nm with an average diameter of 4.3 nm (Figure S1
and Figure 3). The FFT image in Figure 3b displays the
interplanar d spacings for CeO, (d;;; = 0.31 nm), TiO, (d,, =
0.35 nm), Cu,0 (d,o = 0.21 nm), and CuO (d,gy = 0.23 nm
and dj, = 028 nm) (Figure 3c), respectively. The STEM
images and EDX mappings (Figure 3 and Figure S1d) confirm
that Ce and Cu are highly dispersed on the CuO,/ceria/A-NT
substrate. Furthermore, the EDX maps (Figure 3e—i) show that
the CuO, clusters are very finely dispersed and are associated
with both ceria nanoparticles and the naked anatase nanotubes.
The BET surface areas and pore volume measurements by
nitrogen adsorption and desorption were also conducted
(Table S1 in the Supporting Information). Both BET surface
areas and pore volumes only have a slight decline for ceria/A-
NTs and CuO,/ceria/A-NTs in comparison with A-NTs,
indicating that most of the ceria and CuO,, are present on the
exterior surface of the nanotubes.

Investigation of the Reaction Mechanism. Next, we
turned our attention to elucidating the reaction mechanism.
The effects of the reaction atmosphere and trapping agents
were explored to discover the key active species that oriented
the reaction path (Figure 4). When the reaction was conducted
in air, the yield of benzaldehyde slightly decreased to 60%
(Figure 4b). Moreover, the yield decreased to 9% under Ar
(Figure 4c), indicating that oxygen is necessary. According to
previous studies, molecular oxygen could be activated to a
superoxide anion radical after acquiring an excited electron
from the conduction band of a photocatalyst.’® Adding 1 equiv
of the superoxide anion radical scavenger p-benzoquinone
(BQ)*™ decreased the benzaldehyde yield to <1% (Figure 4d),
inferring that this is a possible radical reaction.’® Adding
ammonium oxalate (AO)’** to capture photogenerated holes
could reduce the benzaldehyde yield to 1% (Figure 4e). Adding
K,S,04°" to capture photogenerated electrons also led to a low
yield of benzaldehyde (6%) (Figure 4f). The above results
suggest that photoexcited electrons, holes, and superoxide
anion radicals are essential species for the reaction.

Diphenylethanone (1b) could be oxidized to an ester via C—
C bond cleavage using Cu(OAc),/BF;-OEt, catalyst.” In this
study, diphenylethanone could not be converted into
benzaldehyde using the CuO,/ceria/A-NTs catalyst (Scheme
3, eq 1). The results show that the oxy-dehydrogenation of 1 to
1b competes with the C—C cleavage reaction. Furthermore, we
investigated the H/D KIE of the reaction (Scheme 3). When 1-
D or 1'-D was used as the substrate, secondary kinetic isotope
effects with ky/kp values of 1.44 and 1.23, respectively, were
observed, indicating that the cleavage of the O—H or C,—H

DOI: 10.1021/acscatal.7b00629
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Figure 3. Low-resolution (a) and high-resolution (b) HAADF-STEM images. (c) Fast Fourier transform of image (b). (d) High-resolution HAADF-
STEM image and corresponding (e—i) EDX maps of CuO,/ceria/A-NTs.

bond is not a rate-determining step (Scheme 3, eqs 2 and 3).
Notably, when using 1’-D as substrate, nearly half of the
benzaldehyde was deuterated (Scheme 3, eq 3). Further
experiments showed that benzaldehyde could not undergo H/
D exchange with 0.5 equiv of deuterated water under the
reaction conditions (Scheme 3, eq 4). These results
demonstrate that the C,—H bond connecting with the hydroxyl
group was retained during the C—C bond cleavage. Addition-
ally, a first-order KIE with a value of 6.53 was observed for 1”-
D (Scheme 3, eq S), implying that the H abstraction from f-C
is involved in the C—C bond cleavage of substrate 1. Oxidation
of 1 to 1a and 1b is distinguished on the basis of an initial
hydrogen abstraction reaction at one of two positions (@-C and
p-C). A benzylic radical is generated at a-C or f-C, which is
resonance-stabilized by the aromatic ring.

On the basis of the above results, we propose a tentative
reaction mechanism involving hydrogen abstraction at the a or
B position, as depicted in Scheme 4. A photogenerated electron
is transferred to O,, producing a superoxide anion radical. The
hole abstracts a hydrogen from f-C to generate a Cg-centered
radical. The superoxide anion radical then adds to a Cgx
centered radical, forming an unstable peroxide intermediate.
The latter will undergo C,—Cy cleavage with the elimination of
H,0 to form benzaldehyde through a six-membered-ring
transition state (white and upper cycle). Alternatively, a radical
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generated at a-C will produce the diphenylethanone 1b (dark
and lower cycle).

Role of the CuO, Clusters in the Reaction. Furthermore,
we studied the role of the CuO, clusters on the reaction.
Previous theoretical calculations and experimental studies have
suggested that the photocatalytic performance of ceria is
associated with the surface oxygen vacancies and Ce®"
23031 Copper oxides could increase surface oxygen
vacancies and Ce®" ions of ceria in the case of CuO,/Ce0O,.*
Ce®" ions are generated by reducing Ce** ions when the oxygen
vacancy is created.’”> The concentration of surface oxygen
vacancies can be semiquantified by Raman spectroscopy.'***
We adopted a method® by using the Raman peak centered at
462 cm™! to estimate the oxygen vacancy concentration of
ceria. The results are presented in Figure Sb. The oxygen
vacancy concentration of pristine ceria is 3.58 X 10*' cm™. A
higher value of 5.88 X 10*' cm™ is obtained when ceria is
highly dispersed in nanosized domains on anatase nanotubes.
More oxygen vacancies (6.04 x 10*' cm™) are generated after
mixing copper oxide with ceria.

Next we measured the UV—vis DRS to study the optical
properties of photocatalysts (Figure 6). A-NTs have no
significant absorption of visible light, owing to the large energy
gap. However, the addition of ceria extends the absorption of
the resulting catalysts to visible light, which was also observed
by other studies.”’® This visible absorption enhancement

ions.

DOI: 10.1021/acscatal.7b00629
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Figure 4. Influence of the reaction atmosphere and scavenger.
Reaction conditions: substrate 1 (0.05 mmol), CuO,/ceria/A-NTs (10
mg), CH;CN (1.0 mL), reaction pressure (1 atm), additive (0.0S
mmol), 9.6 W LED (centered at 455 nm), room temperature, S h. The
yield of 1a was determined by GC with n-dodecane as the internal
standard. (a, d—f) Reaction under O,. (b) Reaction in air. (c) Reaction
under Ar. (d) Reaction with p-benzoquinone as scavenger for
superoxide radical. (e) Reaction with (NH,),C,0, as the scavenger
for photogenerated holes. (f) Reaction with K,S,05 as the scavenger
for photogenerated electrons.

Scheme 4. Possible Mechanism
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could be attributed to the existence of oxygen vacancies and
Ce’" ions. The positive correlation between absorption at 455
nm and the concentration of oxygen vacancies and Ce** ions
for ceria-based photocatalysts further confirms this point
(Figure 6a). The calculated band gaps of the as-prepared
samples using a transformed Kubelka—Munk plot are shown in
Figure 6b.>° The optical band energies of ceria/A-NTs and
CuO,/ceria/A-NTs are calculated to be 2.72 and 2.62 eV,
respectively, which are lower than that of pristine ceria (2.86

Scheme 3. Control Experiment and Kinetic Isotope Effects (KIEs)
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NT photocatalysts, respectively.

eV). The presence of Ce** leads to a narrowing of the band gap
of ceria. The CuO, clusters present on the ceria domains
increase the concentration of surface defects (Ce®* ions and
oxygen vacancies), which we term its Yang character. For
CuO,/A-NTs, the band gap is 2.58 eV, lower than that of A-
NTs. This result suggests that copper oxide electronically
modifies anatase nanotubes, which agrees with XRD, STEM,
and Raman spectroscopy results.

CuO,/A-NTs showed no photocatalytic activity toward C—C
bond cleavage. We then conducted a photocatalytic reaction
under 365 nm UV light (Figure 7), under which electron—hole
pairs of A-NTs can be excited. Consequently, a 16% yield of 1b
is obtained, together with a 22% yield of 1a, indicating that
both C—C bond cleavage and oxy-dehydrogenation reactions
occur on anatase. Because ceria has no photocatalytic ability of
oxy-dehydrogenation, it is very likely that the oxy-dehydrogen-
ation reaction mainly occurs on A-NTs. The decoration of
copper oxides on A-NTs can remarkably suppress the side
reaction, decreasing the yield of 1b to 4%, which we term the
Yin character of CuO, clusters. We further compare the
activities of the ceria/A-NTs and CuO,/ceria/A-NTs under
365 nm UV light. The yield of 1a increases from 27% to 36%,
and the yield of 1b decreases from 10% to 3%, which further
confirms the Yin (inhibit the side oxy-dehydrogenation
reaction) and Yang (enhance the C—C cleavage activity) dual
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characters of the CuO,. Tada’s group has observed that, with an
increasing loading amount of NiO, or CuO, nanoclusters on
TiO,, the activity of photodegradation of organics decrease-
d.***7 In this work, we find that the photocatalytic oxy-
dehydrogenation reaction on anatase fades away with an
increase in the amount of CuO, to 2 wt % (Table S2 in the
Supporting Information).

To further understand the Yin character of CuO, nano-
clusters, we calculated the partial electronic density of states
(PEDOS) of CuO,/anatase using Cu;O;/anatase (101) as a
model by DFT, in which Cu 3d, O 2p, and Ti 3d PEDOS are
displayed (Figure 8). New states are present above the valence
band edge of the anatase (101) surface (Figure 8d), which arise
from the presence of CuO,-derived occupied states that lie at
higher energy than the VB edge of the anatase. The upward
shift in the VB edge results in a narrowing of the band gap in
comparison to unmodified TiO,, which is consistent with the
UV—vis results. Moreover, a rise in the VB edge will lead to a
decrease in the activity of holes. As a result, the oxy-
dehydrogenation reaction occurring on anatase is suppressed
(Figure 7). This result is consistent with the case of NiO, or
CuO,, nanoclusters supported on TiO, reported by Nolan and
Tada’s group.”***7**

B CONCLUSIONS

In conclusion, we report a strategy of controlling CuO,, cluster
distribution on ceria/anatase nanotubes and the catalytic
consequence in the model lignin C—C bond cleavage reaction.
CuO,/ceria/A-NT photocatalyst shows high activity in the C—
C bond cleavage to benzaldehydes under visible light
irradiation. Highly dispersed CuO, clusters on ceria domains
enhance the Ce®" concentration in ceria and thus increase the
catalytic activity (Yang character); the decoration of CuO, on
the exposed anatase surface suppresses the unwanted oxy-
dehydrogenation reaction by shifting the valence band edge of
TiO, to higher energy (Yin character). Thus, a high
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photocatalytic performance is achieved under visible light.
Hydrogen abstraction by photogenerated holes is involved in
the reaction mechanism. We believe this work is instructive for
the design of active photocatalysts for oxidation of C—C bonds
and valorization of lignin and can also be used in broad organic
reactions.
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