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ABSTRACT: The creation of photocatalysts with controlled facets has
become an important approach to enhance their activity. However, how
the formation of heterojunctions on exposed facets could affect their
photocatalytic performance ranking had not yet been investigated. In this
study, Cu,O@TiO, core—shell structures were created, and Cu,0/TiO,
p—n heterojunctions were formed on various exposed facets of Cu,O
cubes, Cu,O cuboctahedra, and Cu,O octahedra, respectively. These
Cu,O@TiO, polyhedra demonstrated an enhanced photocatalytic
degradation effect on Methylene Blue (MB) and 4-nitrophenol (4-NP)
under visible light illumination, because of the enhanced charge carrier
separation by the formation of Cu,O@TiO, p—n heterojunctions. It was
further found that their photocatalytic performance was also facet-
dependent as pure Cu,O polyhedra, while the photocatalytic perform-
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ance ranking of these Cu,0@TiO, polyhedra was different with that of their corresponding Cu,O polyhedron cores. By the
combination of optical property measurement and XPS analysis, the energy band alignments of these Cu,O@TiO, polyhedra
were determined, which demonstrated that Cu,O@TiO, octahedra had the highest band offset for the separation of charge
carriers. Thus, the charge-carrier-separation-driven force in Cu,O@TiO, polyhedra was different from their corresponding Cu,O
polyhedron cores, which resulted in their different surface photovoltage spectrum (SPS) responses and different photocatalytic

performance rankings.
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1. INTRODUCTION

Opver the past few decades, semiconductor-based photocatalysts
have attracted considerable research attention for both solar
energy conversion and environmental applications.'™* Com-
pared with single-phase semiconductor photocatalysts, compo-
site photocatalysts with heterojunctions could possess greatly
enhanced photocatalytic activities when properly designed,
because the band level differences and inner electrostatic field
in the heterojunction could provide the driving force for the
separation of photogenerated electrons and holes.”® Hetero-
geneous photocatalysts could also have different light response
ranges, which may extend the light absorption of composite
photocatalysts and enhance their solar efficiency.”® Currently,
most reported composite photocatalysts with heterojunctions
did not have controlled facets,”’"! while the development of
photocatalysts with controlled facets has become an important
approach to obtain photocatalysts with higher activity, since the
first report by Lu and co-workers on the synthesis of anatase
TiO, sheets with 47% exposed {001} facets in 2008.">*°
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Early work demonstrated that photocatalysts with exposed
facets of higher surface energy were more active than their
counterparts with thermodynamically stable facets.'®'” Re-
cently, it was found that their photocatalytic activity could be
further enhanced by incorporating different exposed facets and
optimizing the ratio."®"® Because of the slight surface energy
difference of the valence and conduction bands between
different facets, photogenerated electrons and holes could be
driven to different facets, leading to better charge carrier
separation and the subsequently enhanced photocatalytic
performance.”* > Thus, it is of interest to develop composite
photocatalysts with heterojunctions formed on controlled
facets, which could provide a stronger driving force for the
enhanced charge carrier separation than corresponding single-
phase photocatalysts with exposed facets, because of the larger
differences in band energy from the formation of hetero-
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junctions. Furthermore, the creation of heterojunctions on
exposed facets of photocatalysts may also change their
photocatalytic performance ranking, because the driving force
for the charge carrier separation now relies on the different
band alignments from heterojunctions constructed on different
facets, not the slight difference in surface energy of the valence
and conduction bands between different facets.

Cuprous oxide (Cu,0O), which is a p-type semiconductor
with a direct band of 2.17 €V, is an ideal candidate for the study
of the facet-dependent photocatalytic properties, because it is
relatively easy to create Cu,O crystals with controlled shapes
and facets. Cu,O crystals with various morphologies had been
successfully synthesized, including nanowires, spheres, cubes,
octahedra, cuboctahedra, truncated octahedra, dodecahedra, 26-
facet polyhedra, 50-facet polyhedra, and so on.**** Among
them, Cu,O crystals with cubic and octahedral geometries are
the most important, because more-complex structures could be
derived from them, and their well-defined facets provide unique
opportunities for the examination of their facet-dependent
properties.”**® Cu,0/TiO, composite photocatalysts with
heterojunctions had been developed, which demonstrated
enhanced photocatalytic activities, compared with pure Cu,O,
because of the improved charge carrier separation from the p—n
heterojunction effect.””*® However, most of these Cu,0/TiO,
composite photocatalysts were created without well-defined
facets and the band alignments and photocatalytic activities of
Cu,0/TiO, composite photocatalysts with well-defined facets
had not been investigated.29’30

In this work, Cu,O@TiO, core—shell structures were created
by a facile hydrothermal process to create an anatase TiO,
coating shell onto three types of Cu,O crystal cores, namely,
Cu,O cubes with exposed {100} facets, Cu,O cuboctahedra
with exposed {100} and {111} facets, and Cu,O octahedra with
exposed {111} facets, respectively. Thus, Cu,0/TiO, p—n
heterojunctions were formed on different exposed facets of
Cu,0, and these Cu,O@TiO, polyhedra also exhibited a facet-
dependent photocatalytic performance on the degradation of
Methylene Blue (MB) and 4-nitrophenol (4-NP) under visible
light illumination as their counterparts with no TiO, shells.
Interestingly, it was found that the photocatalytic performance
ranking of these Cu,O@TiO, polyhedra was different with that
of their corresponding Cu,O polyhedron cores. The inves-
tigation on band alignments of these Cu,O@TiO, polyhedra
demonstrated that the band offset at the heterojunction
interface was also facet-dependent, which provided the major
driving force for the separation of photogenerated electrons
and holes. The separation process was different, compared with
Cu, O polyhedra with exposed facets. Thus, it is not appropriate
to assume that a photocatalyst with the favorite exposed facets
will still demonstrate the best photocatalytic performance when
heterojunctions formed on its exposed facets.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Materials. Copper(Il) chloride dihydrate
(CuCl,2H,0, 99%, Sinopharm Chemical Reagent Co., Ltd., Shanghai,
PRC) was used as the Cu source, polyvinylpyrrolidone (PVP k30,
Sinopharm Chemical Reagent Co., Ltd.,, Shanghai, PRC) was used as
the surfactant, sodium hydroxide (NaOH, 96%, Sinopharm Chemical
Reagent Co., Ltd,, Shanghai, PRC) was used as the precipitation
reagent, and L-ascorbic acid (99.7%, Kemiou Chemicals Co. Ltd,,
Tianjin, PRC) was used as the reducing agent in the synthesis of Cu,0
polyhedra, respectively. Deionized (DI) water was used as the solvent
in this process. Titanic fluoride (TiF,, 98%, J&K Chemical Ltd.,
Shanghai, PRC) was used as the Ti source and ethyl alcohol (EtOH,
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99.7%, Sinopharm Chemical Reagent Co., Ltd., Shanghai, PRC) was
used to wash the products. Methylene Blue (MB, Kemiou Chemicals
Co. Ltd,, Tianjin, PRC) and 4-nitrophenol (4-NP, 99%, Alfa Aesar
Chemical Ltd., Tianjin, PRC) were used as the target compounds to
investigate the visible-light-induced photocatalytic activities of samples.

2.2. Synthesis of Cu,0 Nanocrystals. The Cu,O nanocrystals
were synthesized by a modified method, according to a reported
process.> In a typical experiment, given amounts of PVP (0.356 g for
cubes, 3.3 g for cuboctahedra, 8.8 g for octahedra) and 0.1 g sodium
citrate was first dissolved in 100 mL of DI water, and 0.171 g of CuCl,-
2H,0 was added into the above solution. Then, 10 mL NaOH
aqueous solution (2 M) was added dropwise (1 drop/s) into the above
mixture solution with continuous stirring for 0.5 h. Finally, 10 mL of L-
ascorbic acid aqueous solution (0.6 M) was added dropwise and the
mixture was aged for 3 h before being centrifuged at 9000 rpm for S
min. All of these procedures were carried out in a water bath at 55 °C.
The obtained precipitates were washed with excessive DI water and
EtOH for several times to remove unreacted chemicals and PVP
surfactants, and then dried in vacuum at 50 °C for 10 h to obtain
desired Cu,O nanocrystals for further characterization and use.

2.3. Preparation of Cu,0@TiO, Core—Shell Polyhedra. A
quantity of 0.01 g of obtained Cu,O crystals was dispersed in 25 mL of
DI water with the aid of ultrasonication for 10 min. Then, 0.4 mL of
TiF, aqueous solution (0.02 M) was slowly added dropwise into the
Cu,O suspension and stirred for 1 h. After thorough mixing, the
suspension was transferred into a 50 mL Teflon-lined stainless steel
autoclave and heated at 180 °C for 0.5 h in an oven. After the reaction,
the products were collected, went through several rinse-centrifugation
cycles with DI water and EtOH separately, and then dried at 60 °C for
10 h in a vacuum oven. Pure anatase TiO, nanoparticles were prepared
by the same procedure without the addition of Cu,O crystals.

2.4. Material Characterization. The crystal structures of samples
were analyzed by X-ray diffraction (XRD) on a Model D/MAX-2004
powder X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with
Ni-filtered Cu Ka radiation (A = 1.54178 A) at 56 kV and 182 mA.
The morphologies of samples were observed using field-emission
scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM). FESEM observations were conducted by a Model
SUPRASS SEM system (Zeiss, Germany). TEM observations were
conducted on a Model 2100 TEM system (JEOL, Ltd., Tokyo, Japan)
operated at 200 kV with a point-to-point resolution of 0.28 nm, and
TEM samples were prepared by dispersing a thin film of these powder
samples on Ni grids. Brunauer—Emmett—Teller (BET) measurement
was conducted by N, adsorption—desorption isotherm with an
Autosorb-1 Series Surface Area and Pore Size Analyzers (TriStar II
3020, Micromeritics Instrument Corporation, USA). The ultraviolet—
visible light (UV-vis) spectra of samples were measured on a UV-2550
spectrophotometer (Shimadzu Corporation, Kyoto, Japan). X-ray
photoelectron spectroscopy (XPS) measurements were conducted
using a Model ESCALAB 250 X-ray photoelectron spectrometer
(Thermo Fisher Scientific Inc., Waltham, MA, USA) with an Al Ka
anode (1486.6 eV photon energy, 300 W). The surface photovoltage
spectra (SPS) of samples were measured with a home-built apparatus
that had been described in detail elsewhere.*

2.5. Photocatalytic Degradation of Methylene Blue and 4-
Nitrophenol under Visible-Light lllumination. MB was used as a
model organic pollutant to evaluate the photocatalytic activity of
samples under visible-light illumination. A quantity of 0.01 g of
photocatalyst was dispersed in 25 mL of DI water in a 150-mL glass
beaker via ultrasonication for 10 min, followed by the addition of 25
mL of a 2 X 107 M aqueous MB solution. Thus, the initial
concentration of MB was 1 X 107> M, and a fixed concentration of 0.2
mg photocatalyst/mL solution was used. A 300-W xenon lamp (PLS-
SXE300, Beijing Perfect Light Technology Co., Ltd., Beijing, PRC)
was used as the light source, which had a glass filter to provide zero
light intensity below 400 nm. The light intensity striking the MB
solution was at ca. 23 mW/cm? as measured by a Model FZ-A optical
radiometer (Photoelectric Instrument Factory, Beijing Norman
University, Beijing, PRC). During the photocatalytic treatment, the
suspension was under continuous magnetic stirring. At each time
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Figure 1. SEM and TEM images of Cu,O cubes (panels (a) and (b)), cuboctahedra (panels (c) and (d)), and octahedra (panels (e) and (f)). The
inset shown in the upper right-hand corner of each SEM image shows the samples at a higher magnification, and the insets shown in the upper right-
hand corner in the TEM images show the corresponding selected area electron diffraction (SAED) patterns.

interval, photocatalysts were separated by centrifugation at 10 500 rpm
for S min, and the MB concentration of the clear solution was
measured by the Model UV-2550 spectrophotometer that was
monitoring the absorption maximum at 4., = 664 nm. All analyses
were performed in triplicate. 4-NP is a toxic organic pollutant that
does not absorb visible light, and it is difficult to be photodegraded.*
For its photocatalytic degradation experiment, 0.02 g of photocatalyst
was dispersed in S0 mL of 4-NP solution (10 mg/L). The residual 4-
NP concentration in the treated solution was measured by the Model
UV-2550 spectrophotometer monitoring the absorption maximum at
Amax = 317 nm. Other procedures were similar as those used in the MB
photocatalytic degradation experiment.

3. RESULTS AND DISCUSSION

3.1. The Morphologies and Crystal Structures of Cu,0
Crystals with Well-Defined Facets. Cu,O crystals with well-
defined facets were synthesized by reducing a copper citrate
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complex solution with ascorbic acid in the presence of
polyvinylpyrrolidone (PVP). It had been reported by Zhang
et al. that {111} planes of Cu,O selectively adsorbed PVP
during the crystal growth process, which could stabilize the
{111} plane and thus hinder the growth rate perpendicular to
it.>' Thus, Cu,O crystals with different {100} to {111} ratios
could be synthesized by a simple modulation of the PVP
amount in this synthesis process. As demonstrated in Figure 1,
Cu,O cubes, cuboctahedra, and octahedra were successfully
synthesized based on this approach, and they all had smooth
surfaces. Figure la shows the SEM image of Cu,O cubes, and
the inset in Figure la shows one Cu,O cube at a higher
magnification. The average edge length of these Cu,O cubes
was ~700 nm, and all the six exposed surfaces of the cubes were
made of six {100} facets. Figure 1b shows the TEM image of
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one Cu,O cube, and the inset in Figure 1b shows the
corresponding selected area electron diffraction (SAED)
pattern. The electron beam was aligned along the [001]
direction; a two-dimensional square could be observed in
Figure 1b, and the inset SAED pattern demonstrated that the
Cu,O cube was a single crystal. Figure 1c shows the SEM image
of cuboctahedra, and the inset in Figure 1c shows one Cu,O
cuboctahedron with a higher magnification. The average edge
length of these Cu,O cuboctahedra was ~400 nm, and the
exposed surfaces of the cuboctahedra were made of six {100}
facets and eight {111} facets. Figure 1d shows the TEM image
of one Cu,O cuboctahedron, and the inset in Figure 1d shows
the corresponding SAED pattern. The electron beam was
aligned along the [111] direction; a two-dimensional hexagon
could be observed in Figure 1d, and the inset SAED pattern
demonstrated that the Cu,O cuboctahedron was a single
crystal. Figure le shows the SEM image of Cu,O octahedra,
and the inset in Figure le shows one Cu,O octahedron with a
higher magnification. The average edge length of these Cu,O
octahedra was ~1 ym, and all the eight exposed surfaces of the
octahedra were made of {111} facets. Figure 1f shows the TEM
image of one Cu,O octahedron, and the inset in Figure 1f
shows the corresponding SAED pattern. The electron beam
was aligned along the [110] direction; a two-dimensional
rhombus could be observed in Figure 1f, and the inset SAED
pattern demonstrated that the Cu,O octahedron was a single
crystal. Thus, the increase of PVP content in the reaction
solution induced a shape evolution of Cu,O crystals from cubes
with all exposed surfaces of {100} facets to cuboctahedra with
mixed exposed surfaces of {100} and {111} facets, and finally to
octahedra with all exposed surfaces of {111} facets,
corresponding to the gradual shrinkage of exposed {100}
facets and enlargement of exposed {111} facets.

Figure 2 shows the X-ray diffraction (XRD) patterns of these
Cu,O crystals with well-controlled morphologies and exposed
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Figure 2. X-ray diffraction (XRD) patterns of Cu,O cubes (black
spectrum), cuboctahedra (red spectrum), and octahedra (blue
spectrum).

facets. No diffraction peak of CuO or Cu could be found in
their XRD patterns, and all diffraction peaks belonged to the
face-centered cubic Cu,O phase (Powder Diffraction File
(PDF) Card No. 05-0667). The strong and sharp peaks
indicated that all these Cu,O crystals had a high degree of
crystallinity. Although their XRD patterns were similar due to
random particle orientations, a further examination demon-
strated that the ratio of the intensity of the (200) peak to that
of the (111) peak decreased gradually from 0.54 for Cu,O
cubes to 0.39 for Cu,O cuboctahedra, and finally to 0.28 for
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Cu,O octahedra, respectively. This trend was as expected
because the fractions of {100} facets gradually decreased when
the Cu,O crystal shape changed from cubes to cuboctahedra,
and finally to octahedra,*® which was in agreement with the
SEM and TEM observations.

3.2. The Morphologies and Crystal Structures of
Cu,0@TiO, Core—Shell Polyhedra. Cu,0@TiO, core—
shell polyhedra were synthesized by a hydrothermal process to
create Cu,O/TiO, p—n heterojunctions on different exposed
facets of Cu,O crystals. The uniform coating of TiO, on
colloidal particles is a challenging task, because of the very high
reactivity of most titanium precursors.34 In our process, TiF,
was used as the titanium precursor for the shell creation during
the hydrothermal process, because of its relatively slow
hydrolysis and subsequent moderate precipitation of TiO,
onto accessible surfaces of Cu,O polyhedra.35 Furthermore,
the easy crystallization of TiO, from the hydrolysis of TiF,
could largely shorten the hydrothermal process time, which
avoided the morphology change of Cu,O cores to obtain
Cu,O@TiO, core—shell polyhedra with same shapes as Cu,O
cores. Thus, the selection of TiF, as the titanjum precursor in
our approach was critical to obtain well-defined Cu,O@TiO,
core—shell polyhedra.

Figure 3 shows the XRD patterns of these Cu,O@TiO,
core—shell polyhedra, which demonstrated clearly that Cu,O
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Figure 3. XRD patterns of Cu,0@TiO, core—shell polyhedra (cubes
(black spectrum), cuboctahedra (red spectrum), and octahedra (blue
spectrum)).

cores were preserved well during the hydrothermal process. No
diffraction peak of CuO or Cu could be found in their XRD
patterns, and all diffraction peaks still belonged to the face-
centered cubic Cu,0O phase (PDF Card No. 05-0667). No
diffraction peak of TiO, could be found in these XRD patterns,
which may be attributed to their low TiO, contents. Figure 4a
shows the SEM image of Cu,O@TiO, cubes, which
demonstrated clearly that a uniform rough layer consisted of
the aggregation of fine nanoparticles covered the smooth
surface of Cu,O cube and thus created core—shell structure had
the same shape as that of the Cu,O core. Figure 4b shows the
TEM image of Cu,O@TiO, cubes, which demonstrated that
they had the square shape from the two-dimensional projection
of cubes. The insert in Figure 4b shows the corresponding
selected area electron diffraction (SAED) pattern on the cover
shell as defined by the red square, which demonstrated that the
shell was composed of well-crystallized anatase TiO,. Figure 4c
and 4d show the SEM and TEM image of Cu,O@TiO,
cuboctahedra, respectively, and Figure 4e and 4f show the
SEM and TEM image of Cu,O@TiO, octahedra, respectively.
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Figure 4. SEM and TEM images of Cu,O@TiO, cubes (panels (a) and (b)), cuboctahedra (panels (c) and (d)), and octahedra (panels (e) and (f)).
The inserts in TEM images show the corresponding SAED patterns on the cover shell regions defined by the red square.

Similar to that observed with Cu,O@TiO, cubes, uniform
rough layers that consisted of the aggregation of well-
crystallized, fine TiO, nanoparticles covered the smooth surface
of Cu,O cuboctahedra and octahedral after the hydrothermal
process, which created core—shell structures that had the same
shapes as those of the Cu,O cores. Thus, TiO,/Cu,O n—p
heterojunctions were created on different exposed facets of
Cu,O crystals, which could have a large impact on their
photocatalytic performance, as detailed in the following
sections.

The contents of Ti in these Cu,O@TiO, polyhedra were
examined through SEM-EDS mapping, and results are
summarized in Table 1. It was found that the contents of Ti
in different Cu,O@TiO, core—shell polyhedra were all ~4
wt %, so the amounts of TiO, in different Cu,O@TiO,
polyhedra were similar. BET measurement results on these
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Table 1. Content of Ti in Different Cu,O@TiO, Core—Shell
Polyhedra

Ti (wt %) Cu (wt %)
Cu,0@TiO, cubes 3.95 96.05
Cu,O@TiO, cuboctahedra 4.37 95.63
Cu,O@TiO, octahedra 422 95.78

Cu,O@TiO, polyhedra are summarized in Table 2. It clearly
showed that these Cu,O@TiO, polyhedra had very close BET
specific surface area, pore volume, and average pore size values.

3.3. Optical Properties of Cu,0 Crystals with Well-
Defined Facets and Anatase TiO, Nanoparticles. The
optical properties of Cu,O crystals with well-defined facets and
anatase TiO, nanoparticles were investigated by measuring
their diffuse reflectance spectra for the determination of band
alignments in Cu,O@TiO, core—shell polyhedra. From the
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Table 2. BET Surface Area, Pore Volume, And Average Pore
Size for Cu,0@TiO, Core—Shell Polyhedra

BET specific surface  pore volume average pore

area (m*/g) (cm?/g) size (nm)
Cu,0@TiO, 427 0.026 24.6
cubes
Cu,0@TiO, 4.09 0.025 244
cuboctahedra
Cu,0@TiO, 422 0.026 24.8
octahedra

reflectance data, optical absorbance could be approximated by
the Kubelka—Munk function, as given by eq 1:

(1 - R)
2R (1)

where R is the diffuse reflectance.*® Figure Sa shows the light
absorbance (in term of Kubelka—Munk equivalent absorbance
units) of Cu,O cubes, Cu,O cuboctahedra, and Cu,O
octahedra, compared with that of anatase TiO, nanoparticles.
Anatase TiO, nanoparticles demonstrated the characteristic
adsorption spectrum with the fundamental absorbance stopping
edge at ~390 nm, most of their absorption was within the UV
light region. All three Cu,O crystals with well-defined facets,
however, demonstrated much better light absorption in the
visible-light region than anatase TiO, nanoparticles. Among
them, Cu,O octahedra had the highest visible-light absorption,
while Cu,O cubes had the lowest visible-light absorption.

The band gap values of these Cu,O crystals with well-defined
facets and anatase TiO, nanoparticles were determined by the
construction of Tauc Plots ((F(R)*hv)" vs hv) from Figure
5a,°¢ which were needed for the determination of the
conduction band offset of Cu,0@TiO, heterojunction.’’”
Figure 5b shows Tauc Plots of these Cu,O crystals with well-
defined facets, and the inset in Figure 5b shows the Tauc Plot
of anatase TiO, nanoparticles, respectively. As an indirect band
gap semiconductor, n should be taken as 2 for CuZO.38 Thus,
the extrapolation of the linear region to the photon energy axis
could yield bandgap values of these Cu,O crystals with well-
defined facets as 2.29 eV for Cu,O cubes, 2.18 eV for Cu,O
cuboctahedra, and 2.05 eV for octahedra, consistent with their
good visible-light absorption performances. The observed slight
differences in their band-gap values could be attributed for their
different morphologies as reported in the literature.”> As a
direct band-gap semiconductor, n should be taken as 0.5 for
TiO,* Thus, the extrapolation of the linear region to the

F(R) =

photon energy axis could yield the band-gap value of these
anatase TiO, nanoparticles as 3.12 eV, which is consistent with
their UV light absorption.

3.4. Energy Band Alignments at the Heterojunction
Interface in Cu,0@TiO, Core—Shell Polyhedra. The
insight into the band alignments in Cu,O@TiO, p—n
heterojunctions formed on different exposed facets of Cu,O
crystals was critical for the understanding of the photocatalytic
performance differences among these Cu,O@TiO, core—shell
polyhedra. XPS studies were conducted on pure Cu,O, pure
TiO,, and Cu,O@TiO, samples, which is a well-documented
technique for the determination of the valence band offset at
heterojunction interfaces.>”***" Although a simple estimation
of the valence band offset could be made from the difference
between the valence band maximum (VBM) of the two
materials, it contains an appreciable error since the dipole is not
taken into account in this simplified approach, which generally
exists at the interface between the two materials.** To obtain a
more accurate estimation of the valence band offset, the
method proposed by Kraut et al. was applied in this study.** In
this method, the energy difference between the core level (CL)
and valence band maximum of the pure bulk materials, as well
as the difference between the core levels at the heterojunction
interface of the photocatalysts, were needed. The valence band
offset (VBO), AEyg0, of the Cu,O@TiO, heterojunction could
be calculated according to eq 2:

Cu,0 TiO,
AEVBO = (ECu,Zp - EV,Cu)purZe - (ETi,Zp - EV,Ti)pure
+ AEg, (2)
where

Cu,0@TiO

AECL = (ETi,Zp - ECu,Zp)hetirog?mctiozn (3)

The conduction band offset (CBO), AEcpo, could be
calculated according to eq 4:

Cu,0 TiO.

AECBO = Egap2 - Egap P+ AEVBO (4)

Figure 6 shows the XPS core-level and the valence band
spectra for pure Cu,O samples, pure TiO, samples, and
Cu,O@TiO, samples with heterojunctions. The circles shown
in Figure 6 were the raw data points obtained from the XPS
measurements, and the core-level spectra of various samples
were then fitted with the combination of Gaussian and
Lorentzian line shapes, together with a Shirley-typed back-
ground subtraction. The VBM positions in the VB spectra were
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Figure S. (a) UV-vis absorbance spectra of Cu,O polyhedra, compared with that of anatase TiO, nanoparticles. (b) Tauc plots ((F(R)*hv)" vs hv)

constructed from panel (a).
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Figure 6. XPS core-level and valence band spectra obtained from (a) Cu,O cubes, (b) Cu,O cuboctahedra, (c) Cu,O octahedra, (d) anatase TiO,,
(e) Cu,O@TiO, cubes, (f) Cu,O@TiO, cuboctahedra, and (g) Cu,0@TiO, octahedra.

determined by the linear extrapolation of the leading edges of
the VB spectra of the pure Cu,O and TiO, samples with the
baseline. Figures 6a, 6b, 6¢, and 6d show the XPS core-level
data for pure Cu,O cubes, Cu,O cuboctahedra, Cu,O
octahedra, and anatase TiO, nanoparticles, respectively, while
Figures 6e, 6f, and 6g show the XPS core-level data for Cu,0@
TiO, cubes, Cu,O@TiO, cuboctahedra, and Cu,O@TiO,
octahedra, respectively. From these data, the binding energy
values for the core-level, VBM, and band-gap energy of pure
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Cu,O samples, pure TiO, samples, and Cu,O@TiO, samples
with heterojunctions could be calculated, which were
summarized in Table 3. Then, the VBO and CBO values for
Cu,O@TiO, core—shell polyhedra could be calculated from
eqs 2—4, which were summarized in Table 4. Thus, the energy
band alignment diagrams for Cu,O@TiO, core—shell poly-
hedra could be constructed based on these calculation results,

which were demonstrated in Figures 7a, 7b, and 7c¢ for Cu,O@
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Table 3. Binding Energy Values for the Core-Level, VBM, and the Band-Gap Energy for Pure Cu,O Samples, Pure TiO,

Samples, and Cu,0@TiO, Samples with Heterojunctions”

Cubic-Cu,O Cubo-Cu,O Octa-Cu,O TiO, Cubic-CT Cubo-CT Octa-CT
Cu 2py, (eV) 932.81 933.12 933.23 933.15 933.01 933.06
Ti 2ps)5 (eV) 45847 45831 45813 458.34
VBM (eV) 033 021 0.12 2.54
Eg, (V) 229 2.181 2.047 312

“Table legend: Cubic-Cu,0, Cu,O cubes; Cubo-Cu,0, Cu,O cuboctahedra; Octa-Cu,O, Cu,O octahedra; Cubic-CT, Cu,O@TiO, cubes; Cubo-

CT, Cu,0@TiO, cuboctahedra; and Octa-CT, Cu,O@TiO, octahedra.

Table 4. VBO and CBO Values for Cu,O@TiO, Core—Shell
Polyhedra

VBO (eV) CBO (eV)
Cu,0@TiO, cubes 1.71 0.88
Cu,O@TiO, cuboctahedra 2.10 1.16
Cu,0@TiO, octahedra 2.46 1.39

TiO, cubes, Cu,O@TiO, cuboctahedra, and Cu,O@TiO,
octahedra, respectively.

These Cu,O@TiO, core—shell polyhedra had different band
offset values, which demonstrated a clear facet dependency.
Cu,O@TiO, octahedra had the highest band offset value and
Cu,O@TiO, cuboctahedra had the medium band offset value,
while Cu,O@TiO, cubes had the lowest band offset value.
Upon illumination with visible light, only the Cu,O core could
be excited to produce electron—hole pairs, while the TiO, shell
could not be excited, because of its relatively large band gap at
3.16 eV. The major driving force for photogenerated electrons
to transfer from the Cu,O core to the TiO, shell is the

conduction band offset. A higher CBO value suggested a larger
driving force for enhanced charge separation and transfer.
3.5. Surface Photovoltage Spectroscopy (SPS) Anal-
ysis Results of Cu,0@TiO, Core—Shell Polyhedra. The
surface photovoltage spectroscopy (SPS) measurement is a
powerful tool for investigating the photoinduced carrier
separation and transfer behavior,”** and the magnitude of
SPS response peak is dependent on the amount of net charge
accumulated on the material surface.*> Figure 8 shows the SPS
measurement results of pure Cu,O cuboctahedra and Cu,O@
TiO, core—shell polyhedra to compare their photogenerated
charge carrier separation efficiencies. It had been reported that
the Cu,O cuboctahedron had a better photocatalytic perform-
ance than either the Cu,O cube or Cu,O octahedron, because it
had better charge carrier separation, because of the different
energy levels of its two facets.** However, after being coated
with TiO, to form Cu,O@TiO, heterojunctions, the SPS
responses of all three Cu,O@TiO, core—shell polyhedra were
enhanced significantly, compared with pure Cu,O cuboctahe-
dra. This observation suggested that these Cu,O@TiO,
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Figure 7. Energy band diagrams of (a) Cu,0@TiO, cubes, (b) Cu,0@TiO, cuboctahedra, and (c) Cu,0@TiO, octahedra.
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Figure 8. Surface photovoltage spectroscopy (SPS) spectra of Cu,0@
TiO, core—shell polyhedra, compared with that of the as-synthesized
Cu,O cuboctahedra.

heterojunction photocatalysts had greatly enhanced charge
separation efliciencies, compared to pure Cu,O under
illumination with visible light. As expected, these Cu,0@
TiO, core—shell polyhedra showed different SPS response with
a clear facet dependency. Cu,O@TiO, octahedra had the
strongest SPS response and Cu,O@TiO, cuboctahedra had the
medium SPS response, while Cu,O@TiO, cubes had the
lowest SPS response. The SPS measurement result was in good
agreement with their band offset ranking of these Cu,O@TiO,
polyhedra determined by the XPS study. Thus, it could be
expected from both the band alignment study and the SPS

analysis results that Cu,O@TiO, octahedra should have the
best photocatalytic performance among these Cu,O@TiO,
core—shell polyhedra and Cu,O@TiO, cuboctahedra should
have the medium photocatalytic performance, while Cu,O@
TiO, cubes had the lowest photocatalytic performance.

3.6. Photocatalytic Degradation of Methylene Blue
and 4-Nitrophenol under Illumination with Visible Light
by Cu,0@TiO, Core—Shell Polyhedra and Their Photo-
catalytic Performance Ranking. The facet-dependent
photocatalytic activities of these Cu,O@TiO, core—shell
polyhedra were demonstrated by their degradation effect on
two model organic contaminants, Methylene Blue (MB) and 4-
nitrophenol (4-NP), under illumination with visible light. For
comparison purpose, the photocatalytic degradation of MB was
also conducted on pure Cu,O crystals and anatase TiO,
nanoparticles. Figure 9a summarizes the residue MB percentage
versus treatment time under visible-light treatment by these
three pure Cu,O crystals with well-defined facets, compared
with that with no photocatalyst presence. Before the
illumination with visible light was activated, these photo-
catalysts were mixed with MB solutions in darkness for an hour
to establish the adsorption—desorption equilibrium. When
there was no photocatalyst presence, MB solution kept most of
its initial concentration under illumination with visible light,
and no obvious degradation was observed. The adsorption of
MB onto these Cu,O polyhedra was also examined, which
demonstrated that the MB adsorption—desorption equilibrium
could be established within an hour and the MB concentration
decrease from its adsorption on these Cu,O polyhedra was only
several percent. Under illumination with visible light, these
Cu,O polyhedra demonstrated a photocatalytic degradation
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Figure 9. Residual Methylene Blue (MB) percentage versus treatment time under visible-light treatment by (a) Cu,O crystals with well-defined
facets, compared with that with no photocatalyst presence, and (b) Cu,0@TiO, polyhedra, compared with that by anatase TiO, nanoparticles. (c)
Residual 4-nitrophenol (4-NP) percentage versus treatment time under visible-light treatment by Cu,O@TiO, polyhedra, compared with that by

Cu,0O cuboctahedra and that with no photocatalyst presence.
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effect on MB, which was in accordance with their visible-light
absorption. After 240 min of treatment, the residual MB
percentage treated by Cu,O cubes, Cu,O cuboctahedra, and
Cu,O octahedra was ~85%, 60%, and 70%, respectively. As
expected, the photocatalytic activity of Cu,O polyhedra was
facet-dependent and Cu,O cuboctahedra exhibited a higher
activity than Cu,O cubes and Cu,O octahedra, which were in
accordance with previous reports.*” It had been reported that
the photocatalytic activity of low-index facets of Cu,O crystals
followed the sequence as {110} > {111} > {100}, which was
attributed to the difference on the number and the density per
unit surface area of “Cu” dangling bonds on different facets.”*
Thus, Cu,O octahedra with exposed {111} facets should have a
better photocatalytic activity than that of Cu,O cubes with
exposed {100} facets. In Cu,O cuboctahedra, however, both
{100} and {111} facets were exposed. Better charge carrier
separation was induced because of the different energy levels of
the two facets, and it subsequently resulted in a better
photocatalytic activity than that of either Cu,O cubes or Cu,O
octahedra.*®

Figure 9b summarizes the residue MB percentage versus
treatment time under visible-light treatment by these Cu,O@
TiO, polyhedra, compared with that by anatase TiO,
nanoparticles. Before the visible-light illumination was
activated, these photocatalysts were also mixed with MB
solutions in darkness for an hour to establish the adsorption—
desorption equilibrium. The adsorption of MB onto these
Cu,O@TiO, polyhedra or anatase TiO, nanoparticles also only
caused a decrease of several percent in the MB concentration.
Under visible-light illumination, anatase TiO, nanoparticles
showed very weak MB removal capability. After 240 min of
treatment, the residual MB percentage was still ~90%, which
could be attributed to their weak photocatalytic activity under
visible-light illumination, because of their relatively wide band
gap (~3.16 eV). For Cu,0@TiO, polyhedra, they all
demonstrated an enhanced photocatalytic degradation effect
on MB under illumination with visible light than their
counterparts without TiO, shells, which could be attributed
to the enhanced charge carrier separation by the formation of
Cu,O@TiO, p—n heterojunctions. After 240 min of treatment,
the residual MB percentages treated by Cu,O@TiO, cubes,
Cu,O@TiO, cuboctahedra, and Cu,O@TiO, octahedra were
~60%, 40%, and 20%, respectively.

A first-order exponential decay of the residual MB percentage
under illumination with visible light was observed for Cu,O
polyhedra, Cu,O@TiO, polyhedra, and anatase TiO, nano-
particles, which could be fitted to eq 5:

©)

where RP is the residue MB percentage, t is the visible-light
illumination time, and a and b are the first-order exponential
fitting constants. This type of first-order exponential fitting had
been observed for various photocatalytic reactions as a
characteristic behavior.**~>" Constant b, which represents the
decay rate, could be used as a parameter to compare the
photocatalytic degradation efficiency of different photocatalysts.
Table S summarizes the decay rate values of these photo-
catalysts on MB degradation under illumination with visible
light. As expected, the decay rate of anatase TiO, nanoparticles
(b = 0.023) was the lowest among these photocatalysts, because
of its very weak visible light absorption. The decay rates of
Cu,O cubes, Cu,O cuboctahedra, and Cu,O octahedra were
determined to be b = 0.030, 0.115, and 0.073, respectively. The

RP = ae
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Table 5. MB Decay Rate Values of Pure Cu,O Samples, Pure
TiO, Samples, and Cu,O@TiO, Samples with
Heterojunctions on MB Degradation under Illumination
with Visible Light

sample b
Cubic-Cu,O 0.030
Cubo-Cu,O 0.115
Octa-Cu,O 0.073
TiO, 0.023
Cu,O@TiO, cubes 0.098
Cu,O@TiO, cuboctahedra 0214
Octa-CT: Cu,O@TiO, octahedra 0.351

decay rates of Cu,0O@TiO, cubes, Cu,0@TiO, cuboctahedra,
and Cu,O@TiO, octahedra were determined at b =~ 0.098,
0.214, and 0.351, respectively, representing increases of ~227%,
86%, and 381%, respectively, over those of their counterparts
with no TiO, shells.

It is well-known that MB could absorb visible light and may
induce the photosensitization effect. To exclude the photo-
sensitization effect from MB, 4-NP was also used as a target
compound to investigated the photocatalytic performance of
these Cu,O@TiO, polyhedra. As shown in Figure 9c, the
residual 4-NP percentage treated by Cu,O cuboctahedra after
240 min of treatment was ~85%, while Cu,O cubes and Cu,O
octahedra showed negligible photocatalytic degradation of 4-
NP (not shown in Figure 9c, for the sake of figure clarity). After
240 min of treatment, the residual 4-NP percentages treated by
Cu,O@TiO, cubes, Cu,O@TiO, cuboctahedra, and Cu,O@
TiO, octahedra were ~80%, 70%, and 50%, respectively, and
their corresponding decay rates were determined at ~0.053,
0.080, and 0.137, respectively. The photocatalytic performance
ranking of these Cu,O@TiO, polyhedra on the degradation of
MB and 4-NP was the same and in accordance with the CBO
ranking and SPS analysis results of these Cu,O@TiO,
polyhedra, which suggested that the efficient electron—hole
pair separation was the key factor to determine their
photocatalytic activities.

Interestingly, the photocatalytic performance ranking of
Cu,O@TiO, polyhedra was different from that of their
counterparts without TiO, shells. For pure Cu,O polyhedra,
Cu,O cuboctahedra had exposed both {100} and {111} facets,
which induced the charge carrier separation between {100} and
{111} facets.* Thus, Cu,0 cuboctahedra had a better
photocatalytic activity than that of either Cu,O cubes with
only exposed {100} facets or Cu,O octahedra with only
exposed {111} facets, although {100} facets had a lower
photoactivity, compared with {111} facets. However, the
introduction of anantase TiO, shells created a Cu,O@TiO,
p—n heterojunction, which largely affected the charge carrier
separation process. The driving force for the charge carrier
separation in Cu,O@TiO, polyhedra now was the conduction
band offset (CBO) between Cu,O and TiO,, not the slight
difference in surface energy of the valence and conduction
bands between different facets in pure Cu,O crystals.
Heterojunctions constructed on different exposed facets could
produce different band alignments, which is also facet-
dependent. However, it is not appropriate to assume that a
photocatalyst with the favorite exposed facets will still
demonstrate the best photocatalytic performance when
heterojunctions formed on its exposed facets. The dedicated
examination and control of the band alignments formed on
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exposed facets are critical for the design of composite
photocatalysts with heterojunctions formed on exposed facets
in the development of highly efficient photocatalysts.

4. CONCLUSIONS

In summary, Cu,O@ TiO, core—shell structures of cubes,
cuboctahedra, and octahedra were created by a carefully
controlled hydrolysis of TiF, onto Cu,O crystals with well-
controlled morphologies and exposed facets, which demon-
strated enhanced photocatalytic performance than pure Cu,O
crystals, because of their better charge carrier separation.
Cu,O@TiO, p—n heterojunctions were formed on different
exposed Cu,O facets, and facet-dependent properties were
observed. By the combination of optical property measurement
and XPS analysis, the energy band alignments of these Cu,O@
TiO, polyhedra were determined, which provided the insight
into the understanding of the photocatalytic performance
differences among these Cu,O@TiO, core—shell polyhedra.
SPS analysis results also confirmed the relatively photocatalytic
activity ranking of these Cu,O@TiO, core—shell polyhedra.
Under illumination with visible light, Cu,0@TiO, octahedra
demonstrated the best photocatalytic performance on MB and
4-NP degradations, because of their highest conduction band
offset, followed by Cu,O@TiO, cuboctahedra and Cu,O@
TiO, cubes. The photocatalytic performance ranking of
Cu,O@TiO, polyhedra was different with that of pure Cu,O
polyhedra without TiO, shells, which could be attributed to the
different driving forces for the charge carrier separation. This
study demonstrated that the dedicated examination and control
of the band alignments formed on exposed facets are critical for
the design of composite photocatalysts with heterojunctions
formed on exposed facets, which provides a new prospect in the
development of highly efficient photocatalysts for a broad range
of applications.
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