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ABSTRACT: We report a synthetic approach to form octahedral Cu2O microcrystals with
a tunable edge length and demonstrate their use as catalysts for the photodegradation of
aromatic organic compounds. In this particular study, the effects of the Cu2+ and reductant
concentrations and stoichiometric ratios were carefully examined to identify their roles in
controlling the final material composition and size under sustainable reaction conditions.
Varying the ratio and concentrations of Cu2+ and reductant added during the synthesis
determined the final morphology and composition of the structures. Octahedral particles
were prepared at selected Cu2+:glucose ratios that demonstrated a range of photocatalytic
reactivity. The results indicate that material composition, surface area, and substrate charge
effects play important roles in controlling the overall reaction rate. In addition, analysis of
the post-reacted materials revealed photocorrosion was inhibited and that surface etching
had preferentially occurred at the particle edges during the reaction, suggesting that the
reaction predominately occurred at these interfaces. Such results advance the
understanding of how size and composition affect the surface interface and catalytic functionality of materials.
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■ INTRODUCTION

Because of the impending energy crisis, photocatalytic
processes have become particularly attractive, based on their
reliance on renewable solar light as the main energy source to
drive the reaction. Over the past few decades, major advances
have occurred in the design and fabrication of highly active and
efficient photocatalysts as viable alternatives to conventional
catalytic materials.1−3 Various photocatalysts, especially metal
oxide semiconductors such as TiO2 and ZnO, have been
extensively investigated for their use in photo-based pro-
cesses.4−9 Unfortunately, their wide band gaps restrict their
light absorption capabilities to ultraviolet wavelengths only.
This results in inefficient use of solar energy as most of the
solar spectrum is in the visible and infrared regions;10 photons
within this energy range cannot photoexcite TiO2 and
ZnO.11,12 Alternatively, the use of narrow band gap semi-
conductor photocatalysts could effectively exploit visible light
absorption for photoexcitation and electron/hole pair gen-
eration to take advantage of a significantly greater portion of
solar energy that is available.
An exciting material for visible light photocatalysis is Cu2O,

which is a p-type semiconductor with a small band gap of 2.17

eV.13 Cu2O is inexpensive, abundantly available, and has already
shown promising activity for solar and energy applications, such
as visible light-driven proton reduction for H2 evolution,14,15

solar energy photovoltaics,16 and electrode material in lithium-
ion batteries.17,18 Importantly, Cu2O has become an attractive
material for the photocatalytic degradation of environmental
pollutants,3,19−21 where it has demonstrated the ability to break
down aromatic dyes that are known to be difficult to degrade.22

This reaction typically occurs through the generation of reactive
oxygen species at the metal oxide surface, leading to pollutant
degradation.23−25 By controlling the facet display of the Cu2O
via changes in the particle shape and size, the visible-light-based
reactivity of the materials could be enhanced.
To understand the reactivity, Cu2O nanocrystals and

microcrystals have been prepared in various morphologies,
including cubes,26 spheres,27 octahedra,28 and rhombic
dodecahedra.29 Although various approaches have been
followed for the production of shape- and size-controlled
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Cu2O particles, many of these methods are energy-intensive
(>100 °C) with long reaction times. As such, the development
of sustainable, facile, and low-temperature routes to size- and
shape-controlled Cu2O materials has gained increasing interest,
but the ability to control both parameters simultaneously
remains challenging. For example, Gou et al. reported the
synthesis of Cu2O nanocubes with a tunable edge length of 25−
200 nm by using CuSO4, poly(ethylene) glycol, ascorbic acid,
and NaOH in water at room temperature.26 Zhang and co-
workers have reacted CuCl2, NaOH, and sodium ascorbate or
hydrazine at room temperature to form Cu2O nanocubes,
octahedrons, cuboctahedrons, spheres, and facet-etched
cubes.30 In an additional approach, Liang et al. synthesized
polyhedral 50-facet Cu2O microcrystals enclosed with high-
index {211}, {522}, or {311} facets by mixing Cu(CH3COO)2
and glucose at 70 °C.31 Such energy-efficient processes are
required for sustainable routes toward important Cu2O
structures; however, the effects of the reagents in the reaction
mixture remain unclear. For instance, several reductants are
employed to partially reduce Cu2+ to Cu+ in the final Cu2O
materials. The choice of reductant is of critical importance,
because it must be strong enough to reduce the metal ions
under kinetically controlled conditions and to slowly grow the
oxide crystal of a specific shape; such effects will undoubtedly
play a role in determining the final particle size. As a result, the
identity, concentration, and reaction rate of the reductant are of
significant importance to the final structure, where little
understanding of such effects is known.
In this study, we present a facile synthetic method to

generate Cu2O octahedral microcrystals, where the edge length
of the structure can be selected for based on reductant effects
on the reaction. The structures are prepared in aqueous

solution using CuCl2, NaOH, cetyltrimethylammonium bro-
mide (CTAB), and glucose at a relatively low temperature (50
°C), which is notably lower than that observed in many other
synthetic approaches.32,33 Glucose was specifically selected as
the reductant, because (i) it is an ecologically friendly
alternative to standard reductants and (ii) the rate of reduction
can be easily controlled, based on glucose isomerization. Such
reductant effects play a significant role in controlling the overall
material composition, morphology, and dimensions. Once
prepared, the materials were extensively characterized to
confirm their morphology, size, and composition using
scanning electron microscopy (SEM), powder X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), ultraviolet−
visible light diffuse reflectance spectroscopy (UV−vis DRS),
and Brunauer−Emmett−Teller (BET) analysis. From the
synthetic analysis, the effects of the Cu2+ and reductant
concentrations and stoichiometric ratios were investigated,
indicating that the size and composition of the materials were
directly related to the Cu2+ concentration and rate of reduction.
Once the materials were characterized, their photocatalytic
activities were investigated by monitoring the degradation of
methyl orange and methylene blue. From this study, the effects
of the material composition and surface area were observed to
play a significant role in the reactivity. Of importance, analysis
of the materials after the reaction revealed a substantial change
in particle surface structure, where etching at the oxide edges
was noted. This suggests that such regions may serve as the
photocatalytic active site for radical generation, thus contribu-
ting to the understanding of photocatalytic mechanisms and
charge carrier pathways. These results are important as they
provide a route to size-controlled Cu2O materials for
photocatalysis. They also provide intriguing information

Scheme 1. Procedure for the Fabrication of Cu2O Octahedra Using Glucose as the Reductant Leading to Particles with Tunable
Edge Lengths
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concerning the catalytic activity of these structures, based on
particle composition and size, including potential surface
reaction sites.

■ MATERIALS AND METHODS
Chemicals. NaOH was acquired from Acros Organics, while

anhydrous CuCl2, methyl orange, and methylene blue were attained
from Alfa Aesar. CTAB and glucose were purchased from Sigma−
Aldrich. All chemicals were used as-received, without further
purification. Milli-Q water (18 MΩ·cm) was used for all experiments.
Synthesis of Cu2O Octahedra. The following synthesis was

adapted from a previous study for the fabrication of Cu-based
nanotubes.34 The production of the octahedra is described using the
Cu2+:glucose ratio to differentiate the samples. In a round-bottom
flask, 0.8, 1.5, 2.2, or 2.9 mmol of anhydrous CuCl2 were dissolved in
100 mL of 3.0 M aqueous NaOH by stirring and sonicating. After
placing the flask in a 50 °C oil bath, 6 mmol of CTAB was added
directly to the solution, which was then stirred for 30 min at the
elevated temperature. Immediately after removing the flask from the
oil bath, 0.8 mmol of glucose was added. Afterward, the solution was
stirred for 1 h at room temperature. The precipitate was collected by
centrifugation, washed several times with water and ethanol, and dried
under vacuum for at least 12 h. Separate reactions were also conducted
using the exact same procedures; however, the glucose amount was
increased to be equal to the Cu2+ amounts of 1.5, 2.2, or 2.9 mmol.
Photocatalytic Degradation Experiments. For each photo-

catalytic experiment, sufficient Cu2O materials were added to reach
either a surface area of 0.065 m2 (constant-surface area conditions), as
determined by BET analysis, or a mass of 10.0 mg (constant-mass
conditions). For this, the Cu2O sample was placed into a 100 mm ×
50 mm crystallizing dish, to which 20.0 mL of a 30.0 mg/L (91.6 μM)
aqueous methyl orange or methylene blue solution was added. Next,
the dish was sonicated for 10 s and then capped with a quartz cover.
Before light irradiation, the reactions were stirred for 30 min in
darkness to allow for dye adsorption to the particle surface. Once
complete, the reaction was stirred while being irradiated with an Oriel
Sol1A Class ABB solar simulator employing a 1000 W Xe arc lamp
operating at ∼100 mW/cm2. The sample to light source distance was
∼20 cm. Aliquots (150 μL) of the reaction mixture were extracted

every 10 min for 3.0 h to analyze the reaction progression via UV-vis
analysis.

Characterization. SEM was performed using an FEI XL-30 Field
Emission ESEM/SEM operating at 20 kV. To prepare the sample, the
Cu2O materials were dispersed in ethanol via sonication, after which
10 μL of the sample was drop-casted onto an aluminum stub. High-
energy X-ray diffraction (HE-XRD) patterns were collected at the
Advanced Photon Source at Argonne National Laboratory, using
Beamline 11-ID-C at 115 keV. Powders of Cu2O microcrystals were
loaded into 2 mm outer diameter thin-walled quartz capillaries for each
sample. A large area detector was employed to collect two-dimensional
(2D) patterns, which were then integrated into one-dimensional (1D)
patterns using the Fit2D program.35 XPS characterization was
performed on a Perkin−Elmer Model 5100 XPS system. UV-vis
DRS analysis was completed on a Shimadzu Model UV-2600 system.
BET surface area analysis was carried out on a Quantachrome Model
NOVA 1200 system. Finally, UV-vis spectra of the reaction analysis
were acquired using an Agilent Model 8453 UV-vis spectrophotometer
employing a 2.00 mm path length quartz cuvette.

■ RESULTS AND DISCUSSION

Materials Synthesis and Characterization. In this
contribution, size-controlled Cu2O octahedra are generated
using a mixture of CuCl2, NaOH, CTAB, and glucose at a
relatively low temperature (Scheme 1). For this, glucose acts as
the reductant at 50 °C, where it isomerizes to the linear form to
expose an aldehyde36 that can reduce Cu2+ to Cu+.37 As this
reduction process is anticipated to lead to control over the
morphology and composition of the final structure, fabrication
of Cu2O was processed where the Cu2+:glucose ratio was
varied, as was the actual concentrations of the two species. This
was performed to determine the effects of glucose over the final
morphology of the materials, where minimal understanding of
the reductant control over particle size, structure, and
composition is presently known.
In the initial reaction system, the Cu2+ concentration was

gradually increased, while the glucose and CTAB concen-
trations remained constant. In this regard, the materials were

Figure 1. SEM images of the Cu2O octahedra synthesized in the presence of CTAB at Cu2+:glucose mole ratios of (a) 0.8:0.8, (b) 1.5:0.8, (c)
2.2:0.8, and (d) 2.9:0.8. Scale bars = 5 μm.
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synthesized with Cu2+:glucose ratios of 0.8:0.8, 1.5:0.8, 2.2:0.8,
and 2.9:0.8. Note that the values listed in the ratios represent
the actual number of millimoles of the reagent in the reaction,
and this notation will be employed herein to differentiate
samples. Upon completion, a brick-red precipitate was
generated for most of the samples, consistent with previous
strategies for the production of Cu2O.

38,39 For the 2.9:0.8
sample, however, a black precipitate was observed, indicating a
change in particle composition and/or morphology. Once the
materials were purified and dried, they were imaged using SEM.
Figure 1 presents the morphology of the particles prepared
using the constant glucose concentration. Generally, high yields
of well-defined octahedral Cu2O structures were generated with
varying edge lengths based on the Cu2+:glucose ratio. The
average edge lengths for each sample are summarized in Table
1. Figure 1a specifically presents the materials fabricated at a
Cu2+:glucose ratio of 0.8:0.8. Here, well-defined octahedrally
shaped materials are generated with an average edge length of
2.7 ± 0.8 μm. Shape classification analysis, as shown in Table
S1 in the Supporting Information, indicated that 79% of the
materials were octahedra. As the Cu2+:glucose ratio changed to
1.5:0.8 (Figure 1b), a clear shift in particle size was observed.
While it was evident that octahedral materials were again

prepared (92% octahedra in the sample), the average particle
size increased to 4.4 ± 1.1 μm. Interestingly, for the 2.2:0.8
materials (Figure 1c), a bimodal material set was noted with
78% of the materials being octahedra. For this, two populations
were observed, with edge lengths of 1.7 ± 0.6 and 4.4 ± 1.1
μm. Finally, when the highest Cu2+ concentration was
employed (2.9:0.8, see Figure 1d), the morphology of the
materials began to vary. While the structures were generally
octahedral (76% were classified as octahedra), the surface
became very rough. For these structures, an edge length of 4.5
± 0.8 μm was determined. For all particle sizing and shape
analyses, at least 100 particles were measured over multiple
SEM images (see Figure S1 and Table S1 in the Supporting
Information).
While interesting materials were prepared using a constant

glucose concentration, greater reductant amounts may directly
affect the material composition, size, and/or shape. To examine
the effect of the reductant, a second set of materials was
generated where the Cu2+ concentrations employed were the
same as those above; however, the glucose concentrations were
increased to match the amount of Cu2+. In this system, as the
amount of Cu2+ increased, the edge length of the structures also
linearly increased. Figure 2a specifically presents the materials

Table 1. Structural and Photocatalytic Degradation of Methyl Orange Reactivity Comparison for the Cu2O Octahedra

Cu2+:glucose mole ratio edge length (μm) surface Cu+ percentage Eg (eV) surface areaa (m2/g) kmass (× 10−2 min−1) kSA (× 10−2 min−1)

0.8:0.8 2.7 ± 0.8 80.8% 2.03 0.69 1.18 ± 0.05 5.16 ± 0.66
1.5:0.8 4.4 ± 1.1 64.0% 2.02 0.82 2.01 ± 0.17 2.80 ± 0.57
2.2:0.8 1.7 ± 0.6 46.4% 2.00 3.05 0.69 ± 0.07 0.05 ± 0.02

4.4 ± 1.1
2.9:0.8 4.5 ± 0.8 38.0% 1.98 12.93 0.70 ± 0.05 0.08 ± 0.07
1.5:1.5 2.4 ± 0.5 61.4% 2.02 0.43 1.31 ± 0.53 2.87 ± 0.27
2.2:2.2 3.6 ± 0.7 71.6% 2.02 0.56 0.51 ± 0.12 4.18 ± 1.42
2.9:2.9 4.3 ± 1.0 61.9% 2.03 0.24 0.30 ± 0.09 2.75 ± 0.79

aSurface area determined via BET.

Figure 2. SEM images of the Cu2O octahedra fabricated in the presence of CTAB with Cu2+:glucose molar ratios of (a) 1.5:1.5, (b) 2.2:2.2, and (c)
2.9:2.9. Panel d presents the materials prepared at a Cu2+:glucose mole ratio of 1.5:0.8, but in the absence of CTAB. Scale bars = 5 μm.
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prepared at a Cu2+:glucose ratio of 1.5:1.5. Note that a lower
Cu2+ and glucose concentration (0.8:0.8) sample was prepared
above, which also maintains equal concentrations of Cu2+ and
glucose. In this sample, Cu2O octahedra are again prepared
(86% octahedra) with an edge length of 2.4 ± 0.5 μm. As the
reagent concentrations were increased in the 2.2:2.2 (Figure
2b) and 2.9:2.9 (Figure 2c) samples, the average edge lengths
also increased to 3.6 ± 0.7 and 4.3 ± 1.0 μm, respectively. For
these structures, only a single population of brick-red materials
was noted, where either 75% (2.2:2.2) or 67% (2.9:2.9) of the
structures were octahedra.
To understand the effect and fate of the surfactant over the

particle morphology, a set of control experiments was
conducted. In this initial study, the Cu2O materials were
prepared at a Cu2+:glucose ratio of 1.5:0.8 in the absence of
CTAB (Figure 2d). In this reaction, the majority of materials
presented multiple interfaces with sharp edges, suggesting
overgrowth of octahedra. Occasionally octahedra were present
in the sample, but they represented only a minor fraction of the
population (24%). Such a population percentage is significantly
lower than those achieved for materials fabricated with CTAB
present in the reaction mixture. These structures were also
polydisperse in size, ranging from 0.8 μm to 6.0 μm in size.
This suggested that the surfactant played an important role in
controlling the octahedral morphology; however, additional
studies were completed to determine the fate of the CTAB. For
this, materials fabricated at a ratio of 1.5:0.8 in both the
presence and absence of CTAB were also characterized by
thermogravimetric analysis (TGA) and IR spectroscopy (see
Figure S2 in the Supporting Information). Generally, both
characterization methods indicated that no CTAB was retained
by the materials after the extensive washing procedure; no mass
loss of CTAB combustion was evident from TGA, and no
vibrations of the surfactant were observed in the IR analysis.
From this, it is evident that the surfactant plays a role in
controlling the morphology and particle size. Furthermore, the
TGA and IR analyses indicate that the interactions between the
surfactant and oxide are likely to be quite weak, as evidenced by
the fact that the purification process completely removes this
component. Taken together, this suggests that the surfactant is
responsible for controlling the particle morphology during the
oxide growth process, but this condition is not required to
maintain long-term particle shape stability.
To study the phase purity of the materials, XRD was

employed (Figure 3). Diffraction patterns of the as-synthesized
structures were compared with patterns for bulk Cu2O and
CuO, where every peak can be indexed to either composition.
The diffraction patterns for the materials fabricated at a
Cu2+:glucose ratio of 0.8:0.8, 1.5:0.8, or 2.2:0.8 are consistent
with the cubic phase of Cu2O, displaying reflections at 2.08,
2.55, 2.95, 4.17, 4.89, and 5.10 Å−1, corresponding to the (110),
(111), (200), (220), (311), and (222) lattice planes of Cu2O,
respectively.40 When the highest Cu2+ concentration was used
to give a Cu2+:glucose ratio of 2.9:0.8, one minor CuO peak
was observed at 2.71 Å−1, indexed to the (111) lattice.40 Such
results suggest that Cu2O is the dominant species present in the
samples with lower Cu2+ concentrations, but that the amount of
CuO in the material increases in the 2.9:0.8 structures. In
comparison, for the materials generated at equal Cu2+ and
glucose concentrations (1.5:1.5, 2.2:2.2, and 2.9:2.9 samples),
the XRD patterns can be fully ascribed to Cu2O with no CuO
reflections. This indicates that the amount of the reductant in
the sample and the reagent concentrations play an important

role in controlling particle size and composition; however,
additional analysis via XPS was employed to corroborate such
effects.
The surface composition of the as-synthesized materials was

examined via XPS analysis. Figure 4a presents the analysis for
the 0.8:0.8 structures, where peak fitting of the data revealed
two Cu 2p3/2 peaks at 932.5 and 933.7 eV, consistent with Cu+

and Cu2+, respectively.41 From this assessment, the materials
were composed of 80.8% Cu+ and 19.2% Cu2+. Note that this
analysis is only able to analyze the surface of the octahedra and
not the entire material; the amount of oxidized Cu2+ is likely to
be higher at the surface, because of O2 exposure. Similar
analyses were then conducted for all of the materials prepared
at the selected ratios. Generally, higher amounts of Cu2+ were
observed from those samples with low glucose and high Cu
concentrations in the reaction. For instance, when the materials
were fabricated at Cu2+:glucose ratios of 1.5:0.8, 2.2:0.8, and
2.9:0.8, the amount of surface Cu+ in the samples decreased
linearly, with values of 64.0%, 46.4%, and 38.0%, respectively,
with Cu2+ making up the balance of Cu. Note the enhancement
of the broad peak at ∼942 eV as the Cu2+:glucose ratio
increases. This peak arises from the shakeup structure
associated with the presence of CuO.42 When the amount of
glucose in the reaction was increased and maintained at the
same concentration as that of the Cu2+ in the reaction, as in the
1.5:1.5, 2.2:2.2, and 2.9:2.9 samples, the amount of Cu+ in the
sample remained roughly similar, ranging between 61.4% and
71.6%. Figure 4h presents a comparison in the amount of Cu+

in the sample, indicating that higher amounts of Cu+ are
present in the sample at higher glucose concentrations. While
the surface (XPS) and bulk (XRD) measurements corroborate
each other to suggest that Cu2O is present in all samples, XPS

Figure 3. XRD patterns of the octahedral materials. The gray lines
denote diffraction peaks attributed to Cu2O, while the pink lines
denote peaks indexed to CuO.
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analysis indicates the presence of surface Cu2+ for all the
samples. This is attributed to the relatively minor amount, as
compared to the total structure as observed via XRD, and
amorphous nature of CuO as a result of Cu2O surface
oxidation.43−45

The UV-vis absorbance properties of the materials were
assessed using UV-vis DRS, and the absorption spectra of the
Cu2O structures are presented in Figure 5a. The particles
displayed a strong absorption in the visible region, where the
onset of visible light absorption for the 2.9:0.8 sample started at
∼750 nm, compared to ∼650 nm for all of the other Cu2O

octahedra. This suggests that the composition of the 2.9:0.8
sample is different from the other materials. To support this
hypothesis, the band gaps of the Cu2O octahedra were
determined by using the Kubelka−Munk function, F(R∞),
where the values can be obtained from the tangent line of the
Tauc plot.46 As presented in Figure 5b, the band gap of the
0.8:0.8 sample was calculated to be 2.03 eV, which is lower than
that of Cu2O (2.17 eV).13 This is likely associated with the
small amount of CuO in the sample, which is supported by the
observed trends in band-gap energies. Generally, the band gaps
correlated well with the amount of oxidized Cu2+ in the sample,

Figure 4. XPS analysis of the Cu2O octahedral materials prepared at Cu2+:glucose mole ratios of (a) 0.8:0.8, (b) 1.5:0.8, (c) 2.2:0.8, (d) 2.9:0.8, (e)
1.5:1.5, (f) 2.2:2.2, and (g) 2.9:2.9. Panel h shows a comparison of the Cu+ percentage in the sample as a function of the material.
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as observed via XPS. For instance, when the materials were
fabricated at Cu2+:glucose ratios of 1.5:0.8, 2.2:0.8, and 2.9:0.8,
the band gap decreased to values of 2.02, 2.00, and 1.98 eV,
respectively. This shift toward lower band gap values with
increasing CuO amounts is not surprising, since CuO has a
much smaller band gap (1.4 eV) than Cu2O and, therefore,
absorbs more visible light.47 Furthermore, for the 1.5:1.5,
2.2:2.2, and 2.9:2.9 samples, the band gap ranged between 2.02
eV and 2.03 eV, which is consistent with the XPS composi-
tional analysis, suggesting a higher fraction of Cu2O in the
materials.
Taken together, significant structural differences can be

noted in these materials, based on the effect of the reductant.
For this study, the major difference in the preparation process
for the two different sets of materials was the amount of glucose

introduced during the reaction: either a constant and lower
glucose concentration (0.8 mmol) or a glucose concentration
equal to the Cu2+ concentration. This generally resulted in
greater amounts of CuO in the sample for those materials
prepared at the highest Cu2+:glucose ratios; however, these
materials still maintained the octahedral structure. This suggests
that the CTAB plays an important role in maintaining the
shape, as supported by the control reactions studied with no
surfactant. Interestingly, the particle size was dependent upon
the Cu2+ concentration in the sample for both reaction
conditions. This may occur based on manipulation of the
nucleation and growth kinetics of the materials. In this regard,
should similar numbers of nuclei be developed in each sample,
regardless of the Cu2+ concentration, the overall particle edge
length would increase, based on the amount of Cu2+ in the

Figure 5. (a) UV-vis absorption spectra of the Cu2O octahedral materials. (b−h) Tauc plots of the materials prepared at Cu2+:glucose molar ratios of
(b) 0.8:0.8, (c) 1.5:0.8, (d) 2.2:0.8, (e) 2.9:0.8, (f) 1.5:1.5, (g) 2.2:2.2, and (h) 2.9:2.9.
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reaction, as observed herein. Should greater numbers of nuclei
be developed as the Cu2+ concentration increases, additional
sites for particle growth would be present in solution, resulting
in smaller particles. Since this does not occur, this supports the
formation of similar numbers of nuclei in each sample;
however, additional studies are required to determine this
fine level of detail.
Photocatalytic Reactivity. Once the materials were fully

characterized, their photocatalytic reactivity was evaluated. For
this, the photocatalytic degradation of aromatic organic
compounds was examined using all of the prepared particles
irradiated by a solar simulator. The reactivity of the materials
was examined using two specific dyesanionic methyl orange
and cationic methylene blueto ascertain the electrostatic
effects on the material reactivity. In the first set of reactions,
10.0 mg of particles for each sample were mixed into an
aqueous solution of the dye and allowed to equilibrate in
darkness for 30 min, followed by light irradiation for 3.0 h.
Figure 6a presents the UV-vis spectra of the degradation of
methyl orange, using the 0.8:0.8 particles. In the spectrum prior
to the reaction, a peak at 464 nm was observed, arising from the
absorbance of the dye in the mixture. As the reaction ensues,
the peak decreases, because of the photocatalytic degradation of
the dye, until it is completely consumed. By monitoring the
degradation of the dye over time, the kinetics of the reaction
was determined and compared for each sample. Figure 6b
presents the photodegradation analysis of methyl orange when
a particle mass of 10.0 mg was used for each reaction. In this
setup, the dye molecules were allowed to interact with the
octahedra for 30 min prior to light irradiation; no changes in
the concentration of the dye solution were observed when a
catalyst mass of 10.0 mg was used for each reaction. Because of
the conduction and valence band positions of the materials, it
was anticipated that those structures with the greatest amount
of Cu2O would be the most reactive.1,25,48 Interestingly, under
these conditions, the Cu2O structures prepared at a
Cu2+:glucose ratio of 1.5:0.8 were the most efficient for the
degradation process. In this regard, 90% of the dye was
degraded within 110 min, resulting in a pseudo-first-order rate
constant (kmass, which indicates that the kinetic analysis was
completed using a Cu2O mass of 10.0 mg) of (2.01 ± 0.17) ×
10−2 min−1.48,49 Such a result was quite interesting as this
sample did not possess the greatest amount of Cu2O in the
material (64.0%), as compared to the octahedra prepared at a
ratio of 0.8:0.8 (80.8%). For the latter sample, 170 min of
irradiation was required to reach 90% degradation with a kmass
value of (1.18 ± 0.05) × 10−2 min−1. Further decreased rates of
photodegradation were observed for the rest of the samples
prepared (Table 1) when a catalyst mass of 10.0 mg was used
for each reaction. Additional control studies were also
conducted using commercially available bulk Cu2O and CuO,
both of which were inactive for the photocatalytic process.
Generally, while the synthesized materials were photocatalyti-
cally reactive for the degradation of the anionic methyl orange
dye, no evident trends, with respect to material composition,
were observed, suggesting that additional structural properties
of the oxides played a critical role in the overall reactivity.
While employing a constant catalyst mass is a standard

process,25,29,50 the actual catalytic surface area is likely to differ
among the materials prepared at the different Cu2+:glucose
ratios. This is especially true due to changes in the material
composition between the samples. To quantify such effects,
BET analysis was conducted to determine the available catalytic

surface area of the materials, which is summarized in Table 1.
From this analysis, it is clear that drastically different surface
areas are present for the materials ranging from 0.69 m2/g to
12.93 m2/g for the 0.8:0.8 to 2.9:0.8 samples, respectively. Note
that the surface area observed by BET is larger than the
calculated geometric surface area for nearly all of the Cu2O
octahedra, suggesting that the materials are porous (see Table
S2 in the Supporting Information). This different surface area is
likely to be quite important to the overall reactivity, in
combination with the material composition; therefore, modified
photocatalytic reactions were carried out where the total oxide

Figure 6. Photocatalytic degradation of methyl orange: (a) the
degradation of the dye using the 0.8:0.8 sample at a loading of 10.0 mg
in the reaction (spectra were collected every 10 min); (b, c) the overall
analysis for the reaction for all of the particles studied when (b) a
catalyst mass of 10.0 mg was used in the reaction and (c) a total oxide
surface area of 0.065 m2 was used in the reaction. Prior to light
irradiation, the materials were allowed to interact with the dye
molecules for 30 min in darkness.
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surface area (as determined by BET) was set constant to 0.065
m2, and the catalyst mass employed in each reaction was varied.
From this analysis, shown in Figure 6c, drastically different
reactivities were observed for the materials for the photo-
degradation of methyl orange. Again, the materials were
allowed to interact with the dye molecules for 30 min in
darkness prior to light irradiation. Under constant-surface-area
reaction conditions, dye adsorption was minimal (<10%),
compared to the photodegradation activity, indicating that the
removal of methyl orange was due to the photocatalytic activity
of the Cu2O. Almost complete degradation of the dye was
achieved in 80 min when the 0.8:0.8 octahedra were employed
as a catalyst. At this point in time, 95% of the dye was degraded,
giving rise to a kSA value (kSA, which indicates that the kinetic
analysis was for the 0.065 m2 catalyst reactions) of (5.16 ±
0.66) × 10−2 min−1. When considering the other Cu2+:glucose
materials, a trend was clearly evident where the reaction rates
were directly proportional to the composition of Cu2O in the
sample; when the amount of Cu2O in the octahedral materials
increased, the overall reaction rate also increased (see Table 1).
This was anticipated based on the known conduction and
valence band potentials of Cu2O versus CuO, relative to the
redox potentials for radical formation; although CuO has a
much smaller band gap than Cu2O and absorbs more visible
light, the conduction band energy (ECB) and the valence band
energy (EVB) of CuO are insufficient to catalyze the production
of hydroxyl and superoxide radicals, which are primary initiators
for the photocatalytic oxidation of aromatic organic com-
pounds.1,25,48 Although the presence of CuO is undesirable,
CuO contamination is inevitable due to surface oxidation.45

Therefore, it is essential to determine at what point the amount
of CuO affects the photocatalytic activity. This is especially
important for low-temperature synthetic routes in order to
maximize Cu2O amounts for increased reactivity. Based on the
kSA values, when the amount of surface Cu2O in the octahedral
materials is <50%, photocatalytic performance is significantly
diminished.
When comparing the mass-constant and surface-area-

constant studies, slight variations in the amount of dye
adsorbed onto the oxide surface are noted. To investigate
whether this process could reach equilibrium, the methyl
orange dye was mixed with the 0.8:0.8 octahedra in darkness.
Over time, aliquots were extracted, and the amount of dye
adsorbed onto the particle surface was quantified for both the
mass-constant and surface-area-constant conditions (see Figure
S3 in the Supporting Information). Under the surface-area-
constant conditions, minimal changes in the dye concentration
in the reaction solution are evident, indicating that little dye
adsorption occurred over the 6 h study. For the mass-constant
conditions, however, a gradual decrease in the solution dye
concentration was noted, which was consistent with removal of
the dye from solution. In this regard, after 6 h, the dye
concentration decreased by 71%. Interestingly, based on the
reagent footprint, more dye would be adsorbed onto the oxide
than what would be anticipated, based on the measured oxide
surface area. This suggests that a slower, secondary dye
degradation process is occurring; however, the rate for this
process is substantially slow enough that it would not affect the
photocatalytic process being studied, where 90% of the dye was
degraded within <3 h, using these materials.
The effects of the surface area were also evident, wherein the

catalysts with higher surface areas also had higher reactivities.
This was apparent for the materials prepared at a Cu2+:glucose

ratio of 2.9:0.8. These samples had the lowest percentage of
Cu2O in the final structures (38.0%); therefore, they should
have been the least reactive. When the reaction was carried out
with a catalyst mass of 10.0 mg, they displayed a kmass value of
(0.70 ± 0.05) × 10−2 min−1, which was in the middle of the
values observed. When considering the available surface area of
these structures (12.93 m2/g), this value represented the
highest surface area per mass for all of the materials studied. As
a result, the largest total surface area was presented for this
sample when a constant catalyst mass of 10.0 mg was used in
the reactions. When the reaction conditions were changed and
the total surface area was set constant for each octahedra
sample, the kSA value significantly decreased to (0.08 ± 0.07) ×
10−2 min−1, which was near the lowest value reported. One final
point for the reactions employing a constant oxide surface area
of 0.065 m2, the kSA reactivity became apparent for the bulk
Cu2O structures as these materials presented a very low specific
surface area (0.40 m2/g). As anticipated, no reactivity for the
bulk CuO materials was observed, consistent with the band gap
positioning. These results support the notion that the metal
oxide surface participates in the reaction, either through
electron transfer processes for radical formation or through
dye adsorption.
Charged inorganic interfaces are typically developed when

using oxide-based materials. Thus, the charge on the degrading
substrate plays a role in the reactivity. The results above
employed methyl orange, which is an anionic dye. The same
reaction was studied using methylene blue, which is a cationic
dye, and 10.0 mg of catalyst mass. Figure 7a presents the UV-
vis spectra of the methylene blue degradation reaction using the

Figure 7. Photocatalytic degradation of methylene blue: (a)
degradation of the dye using the 0.8:0.8 sample at a loading of 10.0
mg in the reaction (spectra were collected every 10 min); (b) overall
analysis of the reaction for all of the particles studied when a catalyst
mass of 10.0 mg was employed in the reaction.
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0.8:0.8 particles. A peak at 664 nm was observed in the
spectrum prior to the reaction, arising from the absorbance of
the dye. When any of the octahedral materials were employed
as the catalyst, no enhanced methylene blue degradation was
noted, compared to the catalyst-free system, suggesting no
catalytic effect of the particles toward methylene blue (Figure
7b). This behavior is consistent with previous observations for
Cu2O octahedra and hexapods bound by {111} facets that
display positively charged Cu+ atoms, suggesting that the
surface of the octahedra is positively charged to repel the
cationic dye.13,51 This would explain the lack of reactivity for
the degradation of the cationic methylene blue dye, in contrast
to the rapid degradation reactivity for the anionic methyl
orange dye that is electrostatically attracted to the positively
charged oxide. This also supports the hypothesis that some type
of interaction between the substrate and surface is required for
photocatalytic reactivity; should the dye not interact with the
oxide surface, no charge effects should be evident for the
different reactions.
Taken together, these catalytic results suggest that both the

composition of the materials, which affects the photogeneration
of electron/hole pairs, and the available oxide surface area play
a role in the overall reaction. Generally, for all of the reactions,
increased reactivity is noted from materials with greater Cu2O
compositions. This is specifically noted in the reactions where
the total surface area was set to 0.065 m2, but is also generally
evident in the reactions where a 10.0 mg catalyst mass was
employed. When considering systems with similar Cu2O
compositions, those materials with greater surface areas were
generally more reactive. This suggests that the substrate must
interact with the oxide surface, in combination with the reactive
oxygen species, to drive the dye degradation process. As such,
both electron/hole pair formation and available surface area
played an important role in the overall reactivity.
For Cu2O, a key issue is photostability, since photocorrosion

leads to the reduction of its photocatalytic activity.52 Therefore,

the photostability of the 0.8:0.8 and 1.5:0.8 Cu2O octahedra
particles was investigated; these materials were selected because
they exhibited the highest kSA and kmass values, respectively.
Figure 8 presents SEM images of the particles after the
photocatalytic degradation of methyl orange under both 10.0
mg mass and 0.065 m2 surface area reaction conditions.
Additional SEM images of all the materials presented for the
photostability analysis can be found in the Supporting
Information (Figures S7 and S8). Imaging of the octahedra
post-photodegradation when a particle mass of 10.0 mg was
used for each reaction (Figures 8a and 8b) shows that the
particles undergo surface etching at the edges and vertices while
retaining their octahedral structure. Similar surface reconstruc-
tions were observed when the total surface area was set
constant in the reaction (Figures 8c and 8d); however, the
etching is not as drastic, since a greater mass of material was
employed to reach a surface area of 0.065 m2. XRD was further
used to study each post-reaction material (see Figure S4 in the
Supporting Information). The XRD patterns show that the
composition of the structures remained unchanged, with no
reflections arising from CuO or Cu under both constant-mass
or constant-surface-area conditions.
To ensure that the surface etching is due to photocatalysis, a

series of control studies were conducted. SEM analysis of the
0.8:0.8 materials after a 6 h dye adsorption equilibration period
in darkness under both constant-mass and constant-surface-area
conditions (see Figure S5 in the Supporting Information)
showed that no surface reconstruction occurred. In a second
control, the 0.8:0.8 particles under both constant-mass and
constant-surface-area conditions were photoirradiated in water
for 3 h in the absence of dye. Here, surface etching on the edges
and vertices of the octahedra was again observed (see Figure S6
in the Supporting Information); however, pitting of the {111}
facets became more pronounced. This suggests that radical
formation is likely occurring at the edges, where the pitting

Figure 8. SEM images of the Cu2O octahedra after the photodegradation of methyl orange. Panels a and c present the 0.8:0.8 materials when (a) a
catalyst mass of 10.0 mg was used in the reaction and (c) a total surface area of 0.065 m2 was used in the reaction. Panels b and d present the 1.5:0.8
materials when (b) a catalyst mass of 10.0 mg was used in the reaction and (d) a total surface area of 0.065 m2 was used in the reaction. Scale bars =
2 μm.
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effect indicates that the particles are being photocorroded when
no dye molecules are present.53,54

Taken together, these post-reaction analyses provide
important information concerning the catalytic activity of the
Cu2O materials. In the reaction system with the dye, etching of
the octahedra edges with minimal surface pitting is evident.
This suggests that electron migration and the formation of the
reactive oxygen species preferentially occurs at the particle
edges and vertices, giving rise to the etching effect. Such a
mechanistic hypothesis is supported by both the XRD and SEM
controls. In this regard, the XRD analysis confirmed that no
significant compositional change in the materials was evident,
with Cu2O forming the bulk of the structure. Adsorption of the
dye to the oxide surface also did not result in changes to the
octahedral shape; however, irradiation of the materials in the
absence of the dye did give rise to edge etching and pitting of
the {111} facets. Without any dye present in solution, the
Cu2O materials undergo photocorrosion. Based on the
electrostatic results observed for the cationic and anionic
dyes, it is likely that the methyl orange is adsorbed onto the
Cu2O facets; however, additional characterization would be
required to confirm this hypothesis. Nevertheless, these post-
reaction analyses indicate that the redox reactions for reactive
oxygen species preferentially occur at the particle edges and
vertices to drive dye degradation.

■ CONCLUSION
In summary, we have generated size-controlled Cu2O
octahedral microcrystals via a facile synthetic approach using
aqueous solutions at low temperatures. It has been demon-
strated that the size of the octahedra can be tuned by changing
the concentrations of the reagents, and that higher amounts of
reductant result in materials with a greater Cu+ content. In
addition, the octahedral shape of the structures was maintained,
regardless of material composition, but was dependent on the
CTAB in the mixture. Furthermore, the as-synthesized
octahedra were highly effective photocatalysts for the
decomposition of the anionic methyl orange dye, but
demonstrated minimal photocatalytic activity for cationic
methylene blue. The results indicate that three specific
considerations controlled the overall reaction rate: the charge
of the inorganic interface, the composition of the materials, and
the surface area of the catalytic structures. Post-photo-
degradation analysis showed that (i) the Cu2O octahedra
were stable and (ii) particle surface etching had occurred,
specifically on the edges of the particles, suggesting that the
redox reactions preferentially occurred at these regions. These
four characteristics worked in concert to mediate the overall
reactivity, which could be selectively tuned by the synthetic
pathway to achieve different sizes and compositions of these
materials, providing enhanced control over the catalytic
properties. Such results could be important in metal oxide
catalyst design, where the size and composition of the structure
are key elements in obtaining sustainable and efficient catalytic
functionality.
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