Published on 15 July 2014. Downloaded by Indian Institute of Technology Kharagpur on 18/12/2014 03:50:17.

CrystEngComm

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: CrysttngComm, 2014, 16,
8546

Received 9th June 2014,
Accepted 11th July 2014

DOI: 10.1039/c4ce01174k

Room temperature light-induced recrystallization
of Cu,0 cubes to CuO nanostructures in watery

Yulyi Na,? Sung Woo Lee,” Nitish Roy,® Debabrata Pradhan*c and Youngku Sohn*?

The mechanism of temperature-assisted Cu and Cu,O oxidation in oxygen and subsequent CuO nanowire
growth is well known. Here, we report a simple light-induced process for the recrystallization of Cu,O
cubes to [010] growth-directed CuO nanoribbons in water at room temperature. This was attributed to the
formation and participation of ‘OH and "O,™ active species in water as well as the outward diffusion of Cu
ions leading to the formation of CuO nanoribbons along unstable {010} facets on the surface of Cu,O
cubes. The oxidation was significantly suppressed under dark conditions or by active species scavengers,
confirming the strong role of visible light. CO oxidation activity of nanoribbons was found to be superior to
that of cubes. Our unique light-induced recrystallization of Cu,O to CuO in water provides new insight
and better understanding of the oxidation mechanism of Cu,O, enabling tailoring of nanostructures by
varying types of light (sun, incandescent and fluorescent) and opening a new strategy for development of
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1. Introduction

The abundance of copper and Cu oxides (Cu,O and CuO) in
nature and their cost-effective applications related to energy,
the environment, and sensors have led researchers to investi-
gate their fundamental nature and to develop various nano-
structures (e.g., cubes, octahedrons, dodecahedrons, plates,
wires and hollows) from these compounds.’" The effects
of morphology, crystallinity and relative surface reactivity
during interfacial heterogeneous liquid-solid (and gas-solid)
chemical reactions have been actively examined for Cu oxide
materials.® Hua et al.” and Park et al.® reported a change in
the morphology and oxidation state of Cu,O cubes to a belt-
shaped and hollow structure, respectively, in response to
reactions in ammonia solution. Chen and Xue synthesized
Cu oxide materials with various shapes by a chemical trans-
formation method.>*">* Several studies have reported the
synthesis of CuO nanowires (or nanoribbons) at room tem-
perature using a wet-chemical method or a mechanochemical
method.””*® In these studies, Cu(OH), was initially
formed and decomposed to CuO in a reaction in which the
OH/Cu*" ratio plays an important role in the formation of
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energy- and environment-related Cu oxide nanomaterials.

nanoribbons.”*?* CuO materials have also been prepared

via an oxidation route (Cu — Cu,0O — CuO) in the gas phase
at high temperature.*>”** When Cu plates are heated at high
temperature under an O, atmosphere, Cu,O is initially
formed on the surface, after which less symmetric CuO is
generated. Song et al. introduced a microfluidic reactor
process to synthesize Cu nanoparticles with a smaller and
narrower size distribution.*”*' Among many applications,
catalytic activities of Cu oxides have been attracting a great
deal of interest with respect to environmental and energy
issues,”*" which include CO oxidation,”*® dye degradation,*****
and water splitting.**™*” For example, Huang et al. prepared
diversely shaped Cu,O nanocrystals by varying the amount of
NH,OH-HCI and reported that rhombic dodecahedra with
only {110} exposed facets showed the best photocatalytic
activity for methyl orange (MO) degradation owing to the
high density of surface Cu atoms.” Leng et al. synthesized
polyhedral 50-facet Cu,O microcrystals and found enhanced
CO oxidation activity relative to those of rhombic dodeca-
hedral, octahedral and cubic Cu,O crystals.51
Understanding the oxidation mechanism of Cu and Cu,O
to CuO as well as the reduction of CuO is technologically and
fundamentally important.>*>"3° Recent studies have focused
on the driving force and growth mechanism of CuO nano-
wires during the thermal oxidation of Cu metals in the gas
phase.?*”*? However, oxidation of Cu,O to CuO in the liquid
phase (in water) has not yet been reported. Here, we report
the light-induced oxidation of Cu,O to CuO in water. Specifi-
cally, we present the change in morphology, crystallinity, oxi-
dation states and liquid-solid heterogeneous Cu,O oxidation

This journal is © The Royal Society of Chemistry 2014
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reactions induced by visible light in water at room tempera-
ture. This study also provides a new facial strategy for synthe-
sis of CuO nanoribbons (or nanowires).

2. Experimental section
Materials and synthesis

Cu,O cubes were prepared by a precipitation method. Briefly,
5.0 mL of 0.1 M CuCl, (Daejung Chem., 99.0%) was mixed
with 3.0 mL of 0.1 M NaOH solution and stirred. Next,
5.0 mL of 0.1 M ascorbic acid solution was added, after
which the solution was stirred for 30 min. Upon completion
of the reaction, we centrifuged the precipitates, thoroughly
washed them with water (or ethanol), and then dried the
samples in an oven at 80 °C for further characterization.

Characterization

To examine the change in morphology and crystal structure
of Cu,O cubes, we stored the Cu,O cubes separately in water
(in the presence of sun, fluorescent, and incandescent light),
ethanol (light), and water (dark). The surface morphology
was then examined by scanning electron microscopy (SEM,
Hitachi SE-4800). Transmission electron microscopy (TEM)
study was carried out using a FEI Tecnai G TEM at an
operating voltage of 200 kV. X-ray diffraction (XRD) patterns
were observed with a PANalytical X'Pert Pro MPD diffractome-
ter operated at 40 kV and 30 mA using Cu Ko radiation.
UV-vis absorption spectra of powder samples were obtained
using a Varian Cary 5000 UV-vis-NIR spectrophotometer. The
BET surface area was measured using a Quantachrome
ChemBET TPR/TPD analyzer.

Oxidation mechanism tests

An indirect scavenger method was used to examine the roles
of e, "OH and "0, species in Cu,O oxidation. We added Ag",
isopropyl alcohol (IPA) and benzoquinone (BQ) as scavengers
for e, 'OH and 'O, , respectively, into Cu,O-dispersed water
solution under visible light irradiation. After visible light irra-
diation for the specified duration, we collected the Cu,O
cubes and measured their XRD patterns. The role of species
active in the Cu,O oxidation was tested by the photocatalytic
dye degradation of methyl orange (MO, 10 ppm = mg L")
under visible light irradiation (halogen lamp) using a
UV-visible absorption spectrometer (Jasco V-530).

Catalytic activity tests

MO degradation with Cu,O cubes was also tested with and
without scavengers (IPA and BQ). OH radical formation in
the presence of Cu,O cubes under visible light was tested by
photoluminescence using terephthalic acid. A SCINCO
FluoroMate FS-2 was used to detect the photoluminescence
signal at an excitation wavelength of 315 nm. CO oxidation
experiments were performed with 10 mg of catalyst at a
heating rate of 20 °C min "' under a mixture of CO (1%) and
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0, (2.5%) in N, using an SRS RGA200 quadrupole mass
spectrometer.

3. Results and discussion

Fig. 1A (top left) and B (middle left) show the SEM images of
the as-prepared samples fully washed with ethanol and water,
respectively, upon completion of the synthesis. Both samples
were found to consist of cube-shaped particles, but the shape
for the water-washed sample appeared to be slightly distorted.
Interestingly, the morphology of Cu,O cubes was changed to
nanoribbon-like structures upon storage for longer durations
(8, 17 and 22 days) in water in a laboratory environment with
light exposure, as shown in the SEM images. After 22 days in
water with light exposure (bottom right), the cubes were
almost completely changed to nanoribbons (ESL} Fig. S1).
However, the same was not observed for Cu,O cubes stored in
ethanol with light exposure for 22 days (top right) or in water
under dark conditions. The XRD patterns in the inset and
ESIt (Fig. S2) show that the as-prepared Cu,O cubes washed
with ethanol have a cubic (Pr3m, JCPDS 1-078-2076) Cu,O
crystal structure without any CuO, suggesting no change in
morphology or crystal structure, even after 22 days of visible
light irradiation (laboratory light environment). However, for
the sample washed with water, the CuO clearly formed a
minor pattern. After 22 days, the XRD pattern of monoclinic
(C2/c, JCPDS 41-0254) CuO was dominant, indicating almost
complete oxidation of Cu,O to CuO. The minor Cu,O XRD
signals from the oxidized samples were believed to be from
the core of the Cu,O cubes. In addition, the light yellow color
of Cu,O cubes changed to dark brown in water under labora-
tory light exposure, suggesting a change in material properties
such as in oxidation state, as shown in the insets in Fig. 1.

To further understand the microstructures of the Cu,O
cubes and CuO nanoribbons, we obtained high-resolution
TEM (HRTEM) images and selected area electron diffraction
(SAED) patterns. Fig. 2A and B show the typical TEM images
(more TEM images are available in the ESL{ Fig. S3) of the
product obtained by keeping the as-synthesized Cu,O cubes
in ethanol and water with light exposure for 22 days, respec-
tively. The microstructures of the product were found to be
in good agreement with the SEM results. The shape of the
Cu,0 cubes was unaffected when stored in ethanol for
22 days (Fig. 2A). Based on the TEM images, the cubes were
70-150 nm across the diagonal. The inset (left) in Fig. 2A
shows the spot SAED pattern confirming the single crystal
nature of Cu,O cubes. A lattice spacing of 2.45 A between the
(111) planes of cubic Cu,0 was measured from the HRTEM
as shown in the inset (right) in Fig. 2A.>” However, Cu,O
cubes were found to be mostly reshaped to nanoribbons after
22 days in water with laboratory light exposure (Fig. 2B). It is
important to note that no significant change in morphology
was observed for the Cu,O cubes stored in water under dark
conditions. The length and width of these nanoribbons were
found to range from 100 to 800 nm and 20 to 100 nm, respec-
tively. The length of CuO nanoribbons was significantly

CrysttngComm, 2014, 16, 8546-8554 | 8547


http://dx.doi.org/10.1039/c4ce01174k

Published on 15 July 2014. Downloaded by Indian Institute of Technology Kharagpur on 18/12/2014 03:50:17.

Paper

:EtOHj;;ashing ] Mrm

View Article Online

CrystEngComm

in EtOH
or in dark

60

50
degree

A(22d)-EtOH4

y Ay
i
AN

’

X
'

Fig. 1 SEM images of as-prepared Cu oxide samples washed with ethanol (A) and water (B) and of samples stored in ethanol (22 days) and water
(8, 17, and 22 days). Insets show the optical microscope images and the XRD patterns of the corresponding samples.

longer than that of Cu,O cubes. Furthermore, XRD and SAED
analyses confirmed that these nanoribbons were phase
changed to monoclinic CuO from the original cubic Cu,O
cubes (Fig. 1 inset and ESIf Fig. S2). The spot SAED pattern
(left inset, Fig. 2B) suggests a single crystal structure of nano-
ribbons with growth along [010].>® The HRTEM image (right
inset, Fig. 2B) shows a lattice spacing of 0.247 nm between
the (002) planes of the CuO crystal with a monoclinic crystal
structure. Fig. 2C and D clearly show CuO seeds and longer
CuO ribbons on the edges of the Cu,O cubes, suggesting
the evolution of nanoribbons. These CuO ribbons were
grown longer along [010] as the duration of light exposure
increased.

We measured the UV-vis absorption spectra of the
as-prepared Cu oxide powder and of the samples stored in
ethanol and water for 22 days with light exposure (Fig. 3).
The bandgap energy was estimated to be ~2.0 eV for the
as-prepared sample and the Cu,O cubes stored in ethanol.
However, we measured a bandgap of 1.4 eV for the sample
stored in water with light exposure, which is in good agree-
ment with that of CuO.*® The UV-vis absorption spectra support
the change in oxidation state of Cu from +1 to +2 (from Cu,O
to CuO) when stored in water and under light illumination.

8548 | CrysttngComm, 2014, 16, 8546-8554

To further confirm the effects of light, we stored the Cu,O
cubes (dispersed in water) in the dark and under three differ-
ent types of light (sunlight, fluorescent, and incandescent).
Interestingly, under dark conditions, the cubes showed no
critical change in powder color and morphology, even after
20 days (ESI,i Fig. S4). Conversely, the cubes changed color
and morphology with time in the presence of light. The
change in color from yellow to black was faster under incan-
descent irradiation than fluorescent light. In addition, the
change in product morphology in response to radiation with
different types of light was found to be dramatic, particularly
in response to incandescent light (see also Fig. S5 in ESIT). It
is obvious that the presence of water molecules (or moisture)
and light accelerates the oxidation of Cu,O (yellow) to CuO
(black). These results confirmed the importance of visible
light to the oxidation of Cu,O to CuO.

To understand the recrystallization and oxidation mecha-
nism (Cu,O cubes to CuO nanoribbons), we employed an
active species scavenger method. Ag* ions, isopropyl alcohol
(IPA) and benzoquinone (BQ) were added to Cu,O-dispersed
water solution as scavengers for e, ‘'OH and 'O, , respec-
tively.>®°” Fig. 4 shows the XRD patterns of Cu,O cubes dis-
persed in water with light exposure in the absence and

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 TEM images of the Cu oxide samples stored in ethanol (A) and water (B) in the presence of laboratory light for 22 days. Insets show the
corresponding HRTEM images and SAED patterns. TEM images (C and D) show CuO growth on the edges of Cu,O cubes.
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Fig. 3 Diffuse reflectance UV-visible absorption spectra of the

as-prepared Cu oxide powder and of the samples stored in ethanol

and water for 22 days with light exposure.

presence of scavengers (IPA, BQ and Ag’). The XRD of
Cu oxide in water with no scavenger showed only the patterns
of CuO, indicating complete oxidation of Cu,O cubes.
However, in the presence of Ag" (an e acceptor) and BQ ('O,"
scavenger), the oxidation was dramatically suppressed, and
no critical change in morphology was observed, even after

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 XRD patterns of Cu,O cubes dispersed in water with light
exposure for 21 days in the absence and presence of scavengers
(IPA, BQ and Ag*). Inset shows the active species scavenging mechanism
of the scavengers.

21 days. A metallic Ag XRD pattern was observed due to the
reduction of Ag' ion in response to acceptance of the
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photogenerated electron. These findings affirm that the
photogenerated electrons and 'O, act as elemental species
for the Cu,O oxidation. When IPA ('OH scavenger) was
partially added into the water solution, the oxidation was
suppressed, but to a lesser degree than when compared to
the other two scavengers. When Cu,O cubes were dispersed
in IPA or ethanol (Fig. 1), no significant oxidation of Cu,O
was observed, indicating that ‘OH radicals are also involved
in the oxidation process.

A photoluminescence technique was applied to examine
‘OH radical formation with Cu,O cubes in water under light
irradiation using terephthalic acid (TA).*®>” TA reacts with
‘OH to produce 2-hydroxyterephthalic acid, which emits
broad luminescence at around 425 nm. Fig. 5 shows a strong
emission peak at 425 nm, confirming "OH radical formation
and participation in Cu oxidation.

The photocatalytic dye degradation performance of Cu,O
cubes was examined by UV-vis absorption spectroscopy using
methyl orange (MO) dye. This experiment was conducted
under the assumption that when a dye (i.e. MO) is present in
the solution and adsorbed on the surface of a Cu,O cube, the
active species ('OH and ‘O, ) generated under light irradia-
tion would participate in dye degradation, but not in the
Cu,0 surface oxidation (ESLY Fig. S6). In such a scenario,
oxidation of Cu,O0 was expected to be greatly suppressed,
leading to insignificant changes in morphology. This was
clearly observed in the SEM images (ESLj inset in Fig. S6),
confirming the role of active species in the oxidation process.
Fig. 6 shows the UV-vis spectra and MO degradation perfor-
mance. Furthermore, the dye degradation was significantly
suppressed by active species scavengers as shown in Fig. 6.
The "OH radical scavenger effects were somewhat lower under
UV light irradiation.

Fig. 7 summarizes the photocatalytic active species forma-
tion and recrystallization/oxidation schemes of Cu,O cubes to
CuO nanoribbons in water under light irradiation. Upon light
irradiation, electrons and holes are created in the conduction
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Fig. 5 Photoluminescence spectra of terephthalic acid solution with
Cu,O cubes in water before and after light irradiation.
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and valence bands (CB and VB) of Cu,O, respectively. The
electrons in the CB are captured by the adsorbed molecular
(or atomic) oxygen (an electron acceptor) on Cu,O to form
‘0, (or 'O7), which acts as an active species for oxidation.
These species and H' produce ‘OH radicals. The VB hole
reacts with OH™ or H,0 species to create "OH radicals. As a
result, the active species ("0,  and 'OH) on the Cu,O surface
proceed to an oxidation reaction as described below.

Under light irradiation:

Cu,0 + light — Cu,0 (e ¢p + h'yg)

Cu,O (e ¢p ) + adsorbed O, (or adsorbed atomic O)

— "0, (or'0")

H,0 — H" + OH~

‘0, (or ‘0" )+ H' — "0,H (or 'OH)

OH + Cu,O (h'yg) — 'OH

H,0 + Cu,O (h*yg) — H' + 'OH

Cu,0 (h'yg) + 'O” — 2Cu0

2Cu,0 (h*yg) + '0,>” — 4CuO

Cu,O + 2:0H — 2CuO + H,0

The active species are captured in the presence of active
species scavengers (Ag', BQ and IPA) and therefore cannot
participate in the oxidation reaction and [010]-directed CuO
nanoribbon formation. In addition, when adsorbed dye such
as MO is present on the Cu,O surface, the active species
participate in the dye degradation without reacting with the
Cu,O surface. Consequently, no CuO is formed, as was
observed in the present study.

It is important to discuss the thermal Cu and Cu,O oxida-
tion (2Cu,0 + O, — 4CuO) in the presence of oxygen at high
temperature (Z.e. gas/solid interface oxidation reaction) to
understand the recrystallization and oxidation mechanism.*>
This oxidation is known to be due to the faster outward diffu-
sion of copper relative to the inward diffusion of oxygen.>*>*3¢
Therefore, Cu atoms diffuse through the Cu,O layer and react
with ambient oxygen, resulting in the formation of CuO seed
on the Cu,O surface and the subsequent growth of CuO with
a nanowire or nanoribbon morphology.*>*° The outward dif-
fusion of copper atoms in Cu,O was considered the rate-
determining step for the nanowire/nanoribbon growth.*’
However, in a hydrothermal (or solvothermal) method,
Cu(OH), nanosheets (wires and ribbons) were reportedly pro-
duced in the presence of basic OH™ solution under dark con-
ditions, and those nanosheets were thermally dehydrated
into CuO as follows:****3° Cu,0 + 20H — 2CuO + H,O0 + 2¢
Cu(OH), — CuO + H,0, where CuO nanobelts (or nanorods)
were grown along the [010] direction by the thermal dehydra-
tion of Cu(OH), nanowires.’>*! Based on the reported mecha-
nism and results of the present study, we propose a possible
growth mechanism of CuO via the room temperature light-
induced oxidation process described herein. Fig. 8 shows the
projection of cubic Cu,O (bottom left) and monoclinic CuO
structures (top) along the [010] direction, where the [010]
growth direction of CuO is more clearly displayed. As the
(010) plane is least stable in monoclinic Cu0,?® growth pri-
marily occurs on the plane forming two-dimensional struc-
tures, as observed in the present study. Fig. 8 (bottom right),

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Photocatalytic active species formation and recrystallization/
oxidation scheme of Cu,O cubes to CuO nanoribbons in water under
visible light irradiation.

SEM (Fig. 1) and TEM (Fig. 2) images clearly show the quasi
one-dimensional outward CuO growth on the edge of Cu,O
cubes. This can be attributed to the outward diffusion of
Cu ions during recrystallization by room temperature light-
induced liquid/solid (water/Cu,O) interface oxidation reac-
tion. CuO initially nucleates the surface of the Cu,O cube
and subsequently evolves to longer nanoribbons as the
Cu ion diffuses outward and active species ('O,  and ‘OH) are
generated. It appears that inward diffusion of the active

This journal is © The Royal Society of Chemistry 2014

species is much slower than the outward Cu diffusion. Such
outward diffusion of Cu cations is likely driven by surface
CuO/Cu,0 interfacial stress.*” This interfacial stress, which
arises upon oxidation of the Cu,O cube surface to CuO, leads
to outward growth of the CuO ribbon-like structure from the
Cu,0 cube surface in a process similar to capillary action. As
a result, the quasi one-dimensional ribbon structure of CuO
grows along its unstable {010} facets.*® The growth of ribbons
proceeds with a continuous supply of Cu cations from Cu,O
cubes until it is fully consumed. Overall, the light-induced oxi-
dation of Cu,O to CuO could be a simple model for under-
standing the oxidation mechanism in both gas and light-off/on
liquid phases, as well as gas/solid and liquid/solid interfacial
oxidation reactions.

For potential application of Cu oxides, we further demon-
strated the catalytic performance of Cu,O cubes and CuO nano-
ribbons for CO oxidation. Fig. 9 shows CO conversion (%)
versus reaction temperature (°C) for cubes and nanoribbons
stored in ethanol and water for 22 days, respectively. In the 1st
test runs for the cubes and nanoribbons, T}, (the temperature
at which 10% CO conversion to CO, occurs) was found to be
278 °C and 245 °C, respectively. In the 2nd test runs, the CO,
signal for nanoribbons started to appear at 155 °C, and Tgo,
occurred at 191 °C. The catalytic activity was improved by
54 °C relative to the 1st run. In the 2nd test run for the
cubes, Tyo0, was found at 333 °C, indicating that the catalytic

CrystEngComm, 2014, 16, 8546-8554 | 8551
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Fig. 9 1st and 2nd CO oxidation test runs of Cu oxide samples stored in ethanol (22 days, Cu,O with cube morphology) and water (22 days,

CuO with nanoribbon morphology).

activity for Cu,O (stored in ethanol for 22 days) was
decreased by 55 °C when compared to the 1st run. This is
likely due to the change in the crystal facet after the 1st CO
oxidation. The T, of nanoribbons was significantly lower
(142 °C) than that of the cubes. The higher CO oxidation
activity for CuO nanoribbons was due to its high surface
area and surface lattice oxygen. The BET surface area of the
as-prepared Cu,O cubes was measured to be 9.3 m*> g”". The
surface area was significantly increased (2.6x) to 24.3 m* g™*
upon recrystallization to CuO nanoribbons from Cu,O cubes.

8552 | CrystEngComm, 2014, 16, 8546-8554

Carbon dioxide (CO,) is known to be formed via the following
mechanism: CO + [0]"-Cu — CO, + [O],ac-M, where [0]-Cu is
the active surface oxygen formed by Cu + 1/20, — [O]yac-M
and [Olya~M is a surface oxygen vacancy.’>>*** The richness
of [0]"~Cu over CuO nanoribbons may determine the higher
CO oxidation activity. Kim et al. reported that when CuO
thorns were grown on the surface of Cu,O nanocrystals, the
CO oxidation activity was enhanced.>® Cu,O has also been
reported to be more active than Cu0.**>> However, other
factors such as morphology likely influence the CO oxidation

This journal is © The Royal Society of Chemistry 2014
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activity.”** As shown in the SEM images of cubes and nano-
ribbons after CO oxidation (ESLf Fig. S7), the morphologies
were slightly changed. The activation energies (E,, k] mol™)
were calculated from the Arrhenius plots (ESL;} Fig. S8) in the
kinetic region (T;¢9, = 10-15%). The reaction rate (v) was cal-
culated using the equation v = (molar CO flow rate, mol s™) x
(CO conversion fraction)/(catalyst weight, g...).”*° In the 1st
test runs, the activation energies (kJ mol ) were measured to be
68.0 and 51.4 k] mol ™" for the cubes and nanoribbons, respec-
tively. In the 2nd run, the values were 75.5 and 57.6 k] mol ™,
respectively, which is consistent with the literature.”?

4. Conclusions

In this study, we demonstrated the light-induced oxidation
and recrystallization of Cu,O cubes to [010] growth-directed
CuO nanoribbons in water at room temperature for the first
time. Upon light irradiation, electrons and holes are gener-
ated in the Cu,O cubes, resulting in creation of active species
(O, and 'OH) in water that subsequently participate in
oxidation reactions on the Cu,O surface. The role of active
species was confirmed by introducing an electron acceptor
(e.g., Ag' ion), active species scavengers (IPA and BQ) and
MO dye, each of which suppressed Cu,O oxidation. The
growth of a quasi one-dimensional CuO ribbon along its
unstable {010} facets was attributed to the outward diffusion
of Cu cations, interfacial stress at CuO/Cu,O and active spe-
cies generated on the surface. CO oxidation over the CuO
nanoribbon started to appear at 155 °C with an activation
energy of 57.6 k] mol™'. The CO oxidation activity of the
nanoribbons was superior to that of the cubes. Our unique
visible light-induced recrystallization of Cu,O to CuO in water
provides new insight into understanding surface stability, oxi-
dation mechanisms and photocatalytic reactions and tailor-
ing nanostructures by varying light. This work also provides a
new strategy for the development of energy- and environment-
related Cu oxide nanomaterials.
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