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ABSTRACT: Novel graphene-like CuO nanofilms are grown
on a copper foam substrate by in situ anodization for
multifunctional applications as supercapacitor electrodes and
photocatalysts for the degradation of dye pollutants. The as-
prepared CuO consists of interconnected, highly crystalline,
conductive CuO nanosheets with hierarchical open mesopores
and a large surface area. The CuO nanofilms supported on a
copper foam are employed as freestanding, binder-free
electrodes for supercapacitors, which exhibit wonderful
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electrochemical performance with a large specific capacitance (919 F g™' at 1 A g7'), an excellent cycling stability (7%
capacitance loss after 5000 cycles), and a good rate capability (748 F g~' at 30 A g™'). The porous CuO nanofilms also
demonstrate excellent photocatalytic activities for degradation of methylene blue, with a degradation rate 99% much higher than
54% of the commercial CuO powders after 60 min. This excellent energy storage and photocatalytic performance of the
graphene-like CuO nanofilms can open a new avenue for large-scale applications in energy and environmental fields.
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1. INTRODUCTION

In the past decades, copper oxide (CuO) has been extensively
applied in photocatalysts (PCs)," gas sensors,” solar cell
devices,® and lithium-ion batteries* due to its nontoxicity,
abundance, and chemical stability.>® With the fast development
of nanotechnology, a variety of nanostructural forms of CuO,
such as nanotubes,” nanowires,’ nanorods,® nanocubes,’
nanoribbons,'® hollow structures,* and leaflike structures,'
have recently been synthesized. The ability to control the
shapes and structures of nanomaterials has significant
advantages in materials synthesis because the geometry and
dimension are key determinants of the physicochemical
properties of nanomaterials,">'® and thus, the variety of
nanostructured CuO would undoubtedly lead to creation of
unique characteristics and more extensive applications. For
example, pomponlike CuO hollow microspheres14 were used as
anodes for Li-ion batteries, exhibiting a high reversible capacity
of 683.7 mAh g after 50 cycles at 0.1 C. Chen et al."
fabricated porous CuO nanowires for Na-ion batteries, which

delivered a discharge capacity of 640 mAh g™ in the first cycle
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and 303 mA h g after 50 cycles at 50 mA g~'. CuO@MnO,
core—shell nanostructures were applied as electrodes for
asymmetric supercapacitors, with an excellent energy density
of 22.61 Wh kg™ and a maximum power density of 85.6 kW
kg™

Graphene, a two-dimensional (2D) sp*hybridized carbon
sheet with one-atom thickness, has opened new perspectives for
carbon nanomaterials due to its exceptional characteristics,
including good physical and chemical stability, high specific
surface area, high conductivity, and excellent flexibility."”~"”
Inspired by the research and development activities on
graphene, graphene-like 2D materials have received renewed
attention. For example, ultrathin porous MoS, nanosheets were
synthesized showing excellent antibacterial activities that were
much more potent than that of the precursor MoS, powders.*’
Kurungot and co-workers synthesized uniformly porous MnO,
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nanowalls on a conducting carbon fiber substrate that exhibited
remarkable electrochemical behavior,”' while Gritzelet et al.
synthesized Fe,O; nanosheets as photoanodes for water
photolysis.**

The application of 2D nanostructured materials in super-
capacitors (SCs) have been particularly popular because their
ameliorating attributes, like large surface areas, presence of
mesopores (especially with diameters in the range of 2—S nm),
and wide-open geometry, can ensure sufficient active sites and
short pathway for charge carriers.”>>% As for photocatalysts, a
large specific surface area is required for the adsorption of
reactants, which in turn promotes the reaction between the
photogenerated carriers and the reactants, as well as the
migration of photogenerated electrons and holes, leading to an
enhanced photoactivity.”®>” Up to now, several fabrication
methods have so far been successfully adopted to prepare 2D
nanostructures, including hydrothermal process, wet-chemical
technique and chemical bath.”*73° Most of these methods,
however, demand strict conditions and complex apparatus,
severely limiting the widespread real applications of 2D
nanostructures.’ >

The present study aims to fabricate porous graphene-like
CuO nanofilms using cheap, resourceful and pollution-free
materials based on a facile method. The synthesis procedure is
illustrated in Figure 1 where the CuO nanofilms are in situ

Cu(OH), nanofilms/Cufoam

Tube furnace

e e |

G-CuOs/Cufoam

Figure 1. Schematic diagram of direct growth of CuO nanofilms on a
Cu foam for SC application.

grown by annealing Cu(OH),, which is prepared by anodic
oxidation of a Cu foam. Anodization, due to its low cost,
simplicity, repeatability, and controllability, is a superior
approach for large-scale production of 2D nanostructures.®
This study reports, for the first time, the synthesis of unique
graphene-like 2D nanostructures of CuO. The CuO nanofilms
with a large surface area over 200 m® g' and numerous
mesopores demonstrate superior performance in multifunc-
tional applications, including supercapacitors and photo-
catalysts. They deliver specific capacitances (C;) of 919 and
748 F ¢! at current densities of 1 and 30 A g™, respectively.
When used as the photocatalysts, they exhibit photocatalytic
activities much better than commercial CuO powders in
photodecoloration of methylene blue (MB) dyes in the
presence of visible light.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. Cu foam was selected as the base
material for SC electrodes and photocatalysts for the following
reasons: (1) it has an excellent electric conductivity, ductility and high
corrosion resistance; (2) it can serve as a precursor for CuO
nanofilms; (3) the three-dimensional (3D) open space of the foam
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promotes the flow of electrolyte/sewage, and (4) the foam framework
supports ultra-large external surface in comparison with the Cu mesh
or foil. All chemicals were of analytical grade and used as received.
Before anodization, the Cu foam (99.9% purity, 150 pores per inch,
98% porosity and ~1.0 mm thick) were cleaned thoroughly in acetone,
ethanol, and deionized water and dried in a nitrogen stream. The
synthetic experiment was performed in an electrochemical cell using a
copper foam working electrode (2.0 X 1.0 cm) and a Pt sheet counter
electrode (about 1.6 X 1.0 cm). The electrolyte was 3 M KOH
aqueous solution containing 0.07 M cetyltrimethylammonium bro-
mide (CTAB), and the solution was deaerated using a dry nitrogen
stream to maintain a slight overpressure throughout the experiment. A
constant current density of 1 mA cm™ was applied to the copper foam
for 20 min to prepared pale-blue Cu(OH), films. Then, the nanofilms
were dehydrated at 150 °C for 3 h and finally annealed at 200 °C for 2
h to obtain CuO nanofilms under argon flow.

2.2. Characterization. Both the thermogravimetric and differential
thermal analyses (TG-DTA) were performed on a SDT 2960 thermal
analyzer at a ramping rate of 10 °C under a stream of N,. The
morphologies and structures of the samples were characterized using
the scanning electron microscopy (SEM, JEOL S-4800), transmission
electron microscopy (TEM, JEOL 2010), and X-ray diffraction (XRD)
spectroscope (Bruker-D8 Germany). Raman spectra were recorded on
a laser Raman spectrometer (Renishaw, England) with a 532 nm laser.
Fourier transform infrared (FTIR) spectra were obtained in the wave
numbers of 400—1200 cm™' at room temperature on a FTIR
spectrometer (Thermo Scientific Systems, Nicolet-6700). A Veeco
Multimode atomic force microscopy (AFM) was used to obtained
surface morphologies. N, adsorption/desorption isotherms were
obtained on a Micrometritics ASAP 2020 analyzer at 77 K. The
pore size distributions of nanofilms were calculated from the
desorption branch of the isotherms using the Barrett—Joyner—
Halenda (BJH) method.

2.3. Electrochemical Measurements. As a composite electrode,
CuO nanofilms/Cu foam was directly used in supercapacitors. The
average mass loading of CuO on a Cu foam was 2.5 mg cm ™2 The
pseudocapacitive performance of the composite electrodes was tested
in a three-electrode system using a CHIG60E electrochemical
workstation. The composite electrode was used as the working
electrode, while a Pt foil and a saturated Ag/AgCl served as the
counter and reference electrodes, respectively. The electrolyte was a 3
M KOH aqueous solution. Cyclic voltammetry (CV) analyses were
conducted between 0 and 0.7 V at different scan rates of 10—200 mV
s™'. Galvanostatic charge/discharge (CD) tests were performed with
current densities of 1-30 A g '. Electrochemical impedance
spectroscopy (EIS) was carried out in the frequency range of 0.01
Hz to 100 kHz at the open circuit potential with an AC voltage of 5
mV.

2.4. Photocatalytic Measurements. The photocatalytic activities
of the CuO nanofilms were examined by the degradation of MB under
visible irradiation. In the experiment, 2 mL of 30% H,0, and 2 cm?
CuO nanofilm photocatalysts were added into 100 mL of 20 mg L™!
MB solution in a quartz vessel, and the solution was stirred for 30 min
in the dark to achieve the absorption—desorption equilibrium.** Then,
the mixed solution was exposed to visible light irradiation using a S00
W xenon lamp equipped with a wave filter (4 > 400 nm). At regular
intervals, S mL of reaction solution was sampled and analyzed by a
UV—visible spectrophotometer (UV 2100, Shimadzu).

3. RESULTS AND DISCUSSION

3.1. Structures and Morphologies. The growth of
graphene-like Cu(OH), nanofilms (Figure S1, Supporting
Information) was an electrochemical process where CTAB
only served as a template for the formation of the nanofilms.
The reactions can be expressed as

(1)
)

Anode: Cu — 2¢~ — Cu??

Cu’* + 20H™ — Cu(OH),|
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Figure 2. Morphologies and characteristics of CuO nanofilms: (a—c) SEM images taken at different magnifications; (d) low-magnification TEM
image; (e) high-resolution TEM image; (f) XRD pattern. (Inset, 2) SEM image of bare Cu foam and (inset, e) corresponding SAED pattern from

the CuO nanofilms.

Cathode: 2HY + 2¢7 — H,1 (3)
After the heat treatments at 150 °C (for 3 h) and 200 °C (for 2
h) in an Ar atmosphere, the graphene-like morphology of
Cu(OH), remained largely intact, which was possible due to
the robust support of the Cu foam with a relatively large
diameter. The morphologies and structures of the final product
CuO nanofilms on Cu foam are presented in Figure 2. As
shown in Figures 2a,b, a large volume of nanofilms can be
obtained with uniform 3D hierarchical architecture compared
to that of bare Cu foam (Figure 2a, inset). The nanostructure
consisted of interconnected ultrathin CuO films with
surrounding nanoscale pores exposed to the surface (Figure
2c). The low magnification TEM image displays that individual
CuO nanofilms has a graphene-like flexible and folded structure
(Figure 2d). AFM image and the corresponding thickness
analysis (Figure S2, Supporting Information) reveal that they
are monolayer CuO sheets (with a thickness of ~2 nm) and the
size of most of the sheets is larger than 200 nm. The HRTEM
image of the selected area marked by a square in Figure 2d
reveals that the nanosheet exhibited a fine crystalline nature
with an interplanar spacing of 0.275 nm, corresponding to the
CuO (110) crystal plane (Figure 2e). The single crystalline
structure was proved by the regular diffraction spots in the
SAED pattern (Figure 2e, inset). The corresponding XRD
pattern in Figure 2f shows that all the diffraction peaks are
readily indexed to the monoclinic CuO crystals, a reflection of
pure CuO nanofilms (JCPDS Card No. 45-0937), in agreement
with the above findings.

The high purity nanofilms were further evidenced by the
FTIR and Raman spectra, as shown in Figure 3. The FTIR
spectrum (Figure 3a) was used to investigate the formation of
nanofilms. For CuO, the absorption peaks at 607, 511, and 427
cm! are assigned to the Au mode and 2Bu modes,
respectively.”> Among them, the peak at 607 cm™" was related
to the stretching vibrations of CuO along the [101] direction,
while the peak at 511 cm' should be attributed to Cu—O
stretching vibration along the [101] direction.** Moreover, no
extra peaks were present owing to the use of organic
surfactants, and no other infrared active modes were observed,
like Cu,0 which normally appears at 615 cm™. These
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Figure 3. (a) FTIR and (b) Raman spectra of CuO nanofilms.

observations confirmed that the as-obtained final product was
pure-phase CuO with a monoclinic structure. The Raman
spectrum in the range of 200—800 cm™' (Figure 3b) had a
broad peak with a relatively high intensity at 296 cm™" ascribed
to P; band and two peaks at 346 and 630 cm™ ascribed to
2B,.” The significant intensities of the three peaks also
manifest the monoclinic structure with a pure CuO phase, in
good agreement with the XRD, FTIR, and SEM results.

The results from TG-DTA of Cu(OH), nanofilms are given
in Figure S3 (Supporting Information). As the temperature
increased to 600 °C, a total weight loss of about 13.5% was
observed. The slight weight loss was seen at temperatures
below 150 °C, and a larger weight loss appeared between 150
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and 176 °C. The former should be inferred as the evaporation
of adsorbed water, while the latter, with a strong endothermic
peak at 170 °C, should be associated with the dehydroxylation
and decomposition of Cu(OH),.*” No weight loss occurred
beyond 200 °C, which was chosen as the reasonable annealing
temperature.

The specific surface area and porosity of CuO and Cu(OH),
nanofilms were studied by nitrogen sorption measurements.
Figure 4 displays their N, adsorption/desorption isotherms and
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Figure 4. (a) N, adsorption/desorption isotherms of CuO and
Cu(OH), nanofilms and (b) pore size distribution curves obtained
from the desorption data.

the corresponding pore-size distribution curves. Both materials
exhibited a typical III isotherm with a H3-type hysteresis loop,
indicating the presence of mesopores.’ The BET specific
surface area of the CuO nanofilms was 217.4 m* g”', which is
2.4 times larger than that of Cu(OH), (90.6 m* g™'). The
average pore diameters of both nanofilms were placed in the
mesopore region: the maxima were centered at 5.85 and 2.76
nm for CuO and Cu(OH),, respectively. It is well-known that
mesopores offer a large electroactive surface area and thus play
an ameliorating role in electrochemical reaction due to their
capability to promote electrolyte penetration and ion transport.
Therefore, the different pore textures of the two materials are
likely to affect their performance in energy storage applications.

3.2. Excellent Energy Storage Performance. The
freestanding, porous CuO nanofilms on a Cu foam was used
as the pseudocapacitive electrode to highlight the merits of the
unique architecture for advanced electrochemical capacitor
applications. The CV curves of the pristine Cu foam, as-
prepared Cu(OH),, and CuO electrodes obtained at a scan rate
of S mV s™! are compared in Figure Sa. The C; of the Cu foam
was neglectable while the capacitance of the CuO electrode was
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higher than the Cu(OH), counterpart. The increment of the
CV integrated area suggests that the higher capacitance of CuO
arose mainly from the much larger surface area and possibly the
more mesopores than Cu(OH),. The CV curves of the CuO
electrode taken at different scan rates (Figure Sb) typically
presented a pair of well-defined redox peaks, indicating
pseudocapacitance as a result of the transition between the
oxidation states of Cu’ and Cu*" species. A redox reaction for
the CuO electrode is proposed:*

2Cu0O + H,0 + 2¢ < Cu,0 + 20H" 4)
As the scan rate increased, the current response subsequently
enhanced, meanwhile the shape of the CV curves maintained
nearly unaffected. Obviously, in the CV curves, all the response
currents on the positive and negative sweeps were almost
mirror-image symmetric against each other with respect to the
zero-current line, presenting prominent electrochemical rever-
sibility. Indeed, the reversible redox reactions are further
confirmed, along with apparent high-rate performance, as
shown in Figure Sc. Both the electrochemical cathodic and
anodic peak currents varied linearly with scan rate. This implies
that the C, of the CuO electrode originated mainly from
pseudocapacitance involved with surface redox reactions and
maintained basically stable irrespective of scan rate.*’ C, was
calculated from the cathodic or anodic part of the CV data
using the equation®'

o /IdV

N

©)

where I (A) is the response current, v (V s™") is the potential
scan rate, AV (V) is the potential window, and m (g) is the
mass of the active electrode material. As shown in Figure Sd,
the C; of the CuO electrode gradually lowered from 953 to 862
F g™' as the sweep rate ascended from 10 to 200 mV s™". The
Cu(OH), had a similar case with C, about 589—437 F g™
lower than the corresponding values of the CuO counterpart
(Figure 5d and Figure S4a, Supporting Information). The loss
of C, at high charge/discharge rates could be explained by the
fact that not all active materials can be participated in the redox
reactions.

We probed EIS spectra of the nanofilm electrodes to study
the difference in electrochemical performance, as shown in
Figure 6a. Both EIS spectra consisted of a semicircle at the
high-frequency and a sloped line at the low-frequency. The
inset of Figure 6a gives an equivalent circuit used to fit the EIS
curves to measure the internal resistance (R,) and interfacial
charge transfer resistance (R.; Table S1, Supporting
Information), where CPE and Z, are the constant phase
element and the Warburg impendence, respectively.**** These
results demonstrate that overall pseudocapacitive performance
of the CuO electrode were superior to the Cu(OH), rival as
measured above with reference to Figure S.

The galvanostatic charge/discharge potentials of the as-
prepared CuO and Cu(OH), electrode measured between 0
and 0.7 V are shown in Figure 6b and Figure S4b (Supporting
Information), respectively. A symmetric triangular shape with
well-defined plateaus was observed during the charge/discharge
cycles, indicating satisfactory pseudocapacitive behaviors of the
two electrodes. The C, were calculated at different applied
current densities using the following equation:

C, = IAt/AVmn )
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Figure 6. (a) Electrochemical impedance spectra (EIS) of the CuO and Cu(OH), electrodes and (inset, top) corresponding equivalent circuit and
(inset, bottom) magnified plot; (b) CD curves of the CuO electrode at different current densities; (c) variation of specific capacitance versus current
density of the CuO and Cu(OH), electrodes; and (d) cyclic performance of the CuO and Cu(OH), electrodes at a current density of $ A g™' and
(inset) corresponding CD curves of the last 10 cycles for CuO.

where I and At represent the constant discharge current and
the total discharge time, respectively. With increasing the
current density from 1 to 30 A g~', the CuO electrode
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presented a C; loss of only 19%, which is much smaller than the
over 36% loss of the Cu(OH), electrode, indicating a superior
rate capability of the former electrode (Figure 6c and Figure

DOI: 10.1021/acsami.5b01451
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Figure 7. (a) UV—vis absorption spectra and (inset) photographs of the MB solution in the presence of CuO nanofilms after exposure to visible
light; (b) adsorption rate of MB concentration with time in water using the initial MB concentration of 20 mg L™'; (c) first-order kinetic plot of
In(Cy/C) vs time of MB degradation in the presence of CuO nanofilms; and (d) cyclic runs of the photocatalytic degradation of MB in the presence

of CuO nanofilms under visible-light.

S4b, Supporting Information). A higher current density meant
a greater difference in C; between the electrodes, confirming
that the CuO nanofilms with larger surface areas were more
efficient than Cu(OH), in maintaining adequate electron
transport when charged/discharged at higher rates. The long-
term cyclic stability of the electrodes was evaluated at a current
density of S A g~' for 5000 cycles, as shown in Figure 6d. After
the first several hundred cycles, both electrodes achieved the
full activation that induced the increase of their C, The
capacitance retention of the CuO electrode after 5000 cycles
was a remarkable 93%, which is well above the 80.5% of the
Cu(OH), electrode. Moreover, the steady CD curve of the last
10 cycles at S A ¢! for CuO electrode is also given in the inset
of Figure 6d, where the perfect symmetry of charge curves and
discharge curves revealed no serious structural collapse of the
CuO nanofilms electrode during the charge—discharge
processes.41 Several unique structural features and properties
of the CuO/Cu composite structure played a synergistic role to
impart the exceptional rate performance and cyclic stability of
the electrode, namely, (1) pure and highly crystalline CuO with
an excellent electrical conductivity; (2) thin CuO nanofilms
firmly deposited on the highly conductive Cu foam substrate,
and (3) an interconnected, hierarchical CuO structure with
open mesopores and a large surface area.

3.3. Superior Photocatalytic Activity. The photocatalytic
activity of a semiconductor is dependent on its energy band
structure, which is related to the optical absorption perform-
ance.”” Figure S5 (Supporting Information) shows the UV—vis
diffuse reflectance spectra of CuO nanofilms and commercial
CuO powders. The CuO nanofilms show a stronger and
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broader absorption in the visible region compared to the
commercial CuO powders, ensuring a higher utilization rate of
the solar energy for the enhanced photocatalytic degrada-
tions.*> The band gap (Eg) of the samples can be predicted
according to the formula ahv = A(hv — Eg)”/ 2* where a is the
absorption coefficient, & is Planck’s constant, v is the incident
light frequency, A is a constant, E is the band gap energy, and n
depends on the nature of transition (n 1 for direct
transition).*> The plots of (ahv)® versus photonenergy (hv)
are shown Figure SS (Supporting Information, inset), from
which the band gap energy of CuO samples could be estimated.
The estimated E;, of CuO nanofilms and commercial CuO
powders from the intercept of the tangents to the plots were
2.28 and 2.44 eV, respectively. Such a difference may be due to
the diversities of crystallite phase, morphologies of crystals,
defects, and so on.*®

As typical organic pollutants, MB and rhodamine B are
photodegraded in the presence of UV or visible light with the
photocatalysis of metal oxide, for instance, BiVO, and
Ti0,.** 7% The photocatalytic activities of the CuO nano-
films for degradation of MB was investigated in the presence of
H,0, after exposure to light irradiation. For comparison, the
photocatalytic activities of commercial CuO powders were also
evaluated, and the results are shown in Figure 7. The UV—vis
absorption spectra of the MB aqueous solution in the presence
of highly porous CuO showed gradual decreases in MB
absorbance peak accompanied by down-shift of the absorbance
band when the exposure time increased (Figure 7a). After 60
min, the absorbance band became very broad and weak,
demonstrating almost full degradation of MB, as further proven

DOI: 10.1021/acsami.5b01451
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by the solution color change (inset photographs of Figure 7a).
The MB absorbance peaks, C, obtained at 664 nm were
monitored for both the commercial CuO powders and the
CuO nanofilms developed in this study. These absorbance
values were normalized by those measured after the equilibrium
between the photocatalyst and MB before irradiation, which
were then subtracted from 1 to obtain the degradation rate (1
— (C/Cy)), as a measure of efficiency of photodegradation.
This means that the higher the degradation rate, the higher the
intensity of photocatalytic activity. The degradation rates are
plotted as a function of reaction time for different catalysts
under visible light illumination (4 > 400 nm; Figure 7b). The
“blank” test demonstrates that the photolysis of MB was
extremely low, with a degradation rate about 8% after 60 min,
when there was no photocatalyst (only H,0, was added to the
MB solution). The adsorption of MB by the CuO photocatalyst
in the dark (“no visible light” in Figure 7b) was also inspected.
After 60 min, the concentration of MB decreased by about 16%,
proving that the decolorization of MB by CuO was attributed
not to adsorption, but essentially to photodegradation. When
both CuO and visible irradiation were applied into the MB
+H,0, system, the degradation effect was significantly
promoted. The photocatalytic activity of the CuO nanofilms
with a remarkable degradation rate of 99% was much better
than the corresponding degradation rate of 54% shown by the
commercial CuO powders after 60 min. A larger surface area of
the photocatalysts resulted in a higher photocatalytic activity.**
Because both the CuO nanofilms and the commercial CuO are
essentially the same material, the excellent photocatalytic
activity is associated with the ultralarge surface area of the
CuO nanofilms with open mesopores, making more surfaces
readily available for the photogenerated electrons and holes to
contact with MB.

Recently, H,O, has been employed as a green additive to
stimulate/enhance the photocatalytic activity of metal oxides,
because the photolysis of H,O, generates free radical species
like HO:, HOO-, or O,:~, which are contributive factors to the
efficient degradation of organic dyes.’"®> In a synthesis of
previous studies, the general procedure in the photodegradation
of MB can be concluded as (1) first, the MB molecules and
H,0, are adsorbed on the surface of the nanofilms; (2) then,
H,0, decomposes and releases free radical species, including
the mineralization of the dye pollutants; and (3) finally, the
photocatalysts regain rapidly after the dye molecules move
away from the nanofilm surface.’*>® All in all, the CuO
photocatalysts play a key role in decomposing H,O,, and the
released free radicals equally have a better positive effect on the
prominent photodegradation of MB by the CuO nanofilms in
comparison with that of the commercial CuO powders.

Furthermore, the kinetics of degradation was investigated for
the MB dye. The photodegradation process of both the CuO
nanofilms and commercial CuO powders displayed the pseudo-
first-order kinetics model,>* which can be described by a linear
relationship in a natural log plot:**

In(C/Cy) = —kt (7)

where k is the reaction constant of the first-order reaction, and ¢
is the reaction time. Figure 7c and Figure S6 (Supporting
Information) present the linear plots, In(C/C,) vs t, for the
CuO nanofilms and commercial CuO powders, respectively.
Both photocatalysts had excellent linear correlations, R* = 0.996
and 0.909, respectively, suggesting that their degradation
reactions indeed followed the first-order kinetics. The slopes
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of the linear lines gave the first-order rate constants, which were
0.072 and 0.012 min™’, respectively, further confirming a much
higher photocatalytic efficiency of the CuO nanofilms than the
commercial CuO powders.

To evaluate the stability of the photocatalytic activity of the
CuO nanofilms, we repeated the cycle tests in the photo-
degradation of MB treated with visible light for five cycles, and
the results are shown in Figure 7d. It is worth noting that there
was a negligible decline in photocatalytic activity with less than
2% reduction after five cyclic runs. This observation verifies
exceptionally high stability of the CuO nanofilm photocatalysts,
which seldom photocorrode during the photocatalytic
oxidation of the model pollutant molecules. The excellent
photocatalytic activities and stability of the CuO nanofilms
mean their potential large-scale application as a visible-light
driven catalyst.

4. CONCLUSIONS

Novel graphene-like CuO nanofilms were successfully prepared
using the anodization method followed by thermal treatments.
Various characterization tools were employed to identify
prominent structural, morphological and elemental features of
the CuO nanofilms. CuO nanofilms consisted of intercon-
nected, highly crystalline nanosheets, and possessed open
mesopores, a large specific surface area and a high electrical
conductivity. They delivered remarkable electrochemical
performance and cyclic stability when used as the electrodes
for supercapacitors. In addition, they also presented excellent
photocatalytic activities for the degradation of MB when the
MB aqueous solution was exposed to visible light. The unique
architectural features of the CuO nanofilms with a large surface
area and open mesopores played a synergistic role to impart
such interesting multifunctional characteristics. These observa-
tions suggest that the novel materials can find many potential
applications, not only in supercapacitors and sewage treat-
ments, but also in broad fields, such as energy storage in other
rechargeable batteries, water splitting, and nonenzymatic
glucose biosensors.
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