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Abstract    The  casual  discharge  of  dyes  from  industrial
settings  has  seriously  polluted  global  water  systems.
Owing  to  the  abundance  of  biomass  resources,  preparing
photocatalysts  for  photocatalytic  degradation  of  dyes  is
significant;  however,  it  still  remains  challenging.  In  this
work,  a  cuprous  oxide/copper  oxide  composite  was
interpenetrated  onto  carbon  nanosheets  of  cellulose-based
flexible  carbon  aerogels  (Cu2O/CuO@CAx)  via  a  simple
freeze-drying-calcination  method.  The  introduction  of  the
carbon aerogel  effectively  prevents  the  aggregation of  the
cuprous  oxide/copper  oxide  composite.  In  addition,
Cu2O/CuO@CA0.2 has  a  larger  specific  surface  area,
stronger charge transfer capacity, and lower recombination
rate  of  photogenerated  carriers  than  copper  oxide.
Moreover,  Cu2O/CuO@CA0.2 exhibited  high  photoca-
talytic  activity  in  decomposing  methylene  blue,  with  a
degradation  rate  reaching  up  to  99.09% in  60  min.  The
active  oxidation  species  in  the  photocatalytic  degradation
process  were  systematically  investigated  by  electron  spin
resonance  characterization  and  poisoning  experiments,
among  which  singlet  oxygen  played  a  major  role.  In
conclusion,  this  work  provides  an  effective  method  for
preparing  photocatalysts  using  biomass  resources  in
combination  with  different  metal  oxides.  It  also  promotes
the development of photocatalytic degradation of dyes.
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1    Introduction

Rapid  developments  in  industry  and  agriculture  have

considerably  improved  the  global  economy  and  accele-
rated  the  development  of  society  while  detrimentally
affecting  the  environment  [1,2].  In  particular,  the
discharge of dye wastewater on a global scale has resulted
in  the  pollution  of  water  bodies  and  the  depletion  of
drinkable  water,  threatening  the  survival  of  humans,
animals and plants  [3].  Methylene blue,  first  synthesized
by  Heinrich  Caro  in  1800,  has  an  aromatic  heterocyclic
structure with the molecular formula C16H18N3ClS and is
the most commonly used dye in the textile industry [4]. It
is  highly  soluble  in  water,  readily  forms  stable  solutions
with water at room temperature and is commonly used to
dye cotton, silk and paper. In addition, methylene blue is
often  used  as  a  bacterial  stain  and  indicator  [5]  and  has
been further utilized in the medical field to treat bacterial
malaria  [6].  However,  methylene  blue  is  toxic,  carcino-
genic  and  mutagenic,  with  exposure  to  its  low  concen-
trations  resulting  in  diarrhea,  nausea  and  vomiting  [7].
When  methylene  blue  concentration  reaches  a  certain
level in water bodies around the globe, mass extinction of
aquatic  life  may  occur.  Moreover,  the  presence  of
methylene blue in water results in the production of deep-
colored by-products, which reduce sunlight transmittance
through  the  water.  Consequently,  there  is  a  decrease  in
the  levels  of  dissolved  oxygen  in  water,  affecting  the
survival  of  aquatic  organisms [8].  Therefore,  eliminating
such  pollutants  from  water  is  vital  for  achieving
sustainable industrial and agricultural development.

Currently,  the  typical  methods  used  for  dye  treatment
are  physical  (adsorption  and  membrane  separation)  [9],
biological  (phytoremediation  and  aerobic)  [10]  and  che-
mical methods (electrochemical oxidation, chemical preci-
pitation  and  advanced  oxidation)  [11].  Physical  methods
proceed  via  a  simple  reaction  mechanism,  are  easy  to
operate, and do not cause secondary water pollution. The
popular  materials  used  in  physical  methods  include
activated  carbon  [12],  bentonite  [13]  and  nanofiber
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membranes  [14].  Although  these  materials  are  low  cost
and  efficient,  they  have  limited  adsorption  capacity  and
reusability.  Biological  methods  use  microorganisms  to
chemically  react  with  pollutants,  converting  organic
pollutants  into  harmless  inorganic  substances,  thereby
achieving  water  purification  [15].  However,  although
biological  methods consume low energy, do not produce
secondary  water  pollution  and  require  low  investment,
their  high  environmental  pH  and  temperature  require-
ments  greatly  limit  their  application  [16].  Chemical
methods  are  based  on  the  chemical  reactions  between
chemical  reagents  and  dyes  to  produce  precipitates  or
simple compounds or on the degradation of dyes by redox
substances  and  using  an  external  electric  field.  These
methods  are  currently  popular  because  they  are  simple,
efficient and controllable. However, they also have many
limitations,  such  as  high  costs,  production  of  secondary
pollutants  and high energy consumption [11].  Therefore,
it  would be beneficial  to develop a new environmentally
friendly,  pollution-free  technology for  treating dyes  with
low cost, high efficiency and low energy consumption.

Photocatalysis  is  a  green  technology  with  significant
application  prospects  in  the  energy  and  environmental
fields. It has been widely used in the synthesis of organic
acids [17] and furfuryl alcohol [18], hydrogen generation
[19]  and  carbon  dioxide  (CO2)  reduction  [20].  Photoca-
talysis  is  the  most  promising  technology  for  eliminating
organic pollutants from wastewater owing to its environ-
mental  friendliness,  low  energy  consumption,  low  cost
and  reusability,  especially  for  methylene  blue  degrada-
tion.  The  key  to  achieving  this  goal  is  to  develop  an
efficient and economical photocatalyst. Numerous photo-
catalysts  have  been  developed,  such  as  metal-free  semi-
conductors  [21]  and  metal  oxides/sulfides  [22].  Copper
oxide-based  nanoparticles  have  been  widely  used  in
photocatalysis  owing  to  their  wide  range  of  light  absor-
ption,  antimicrobial  properties,  excellent  electrical  and
thermal conductivities, and suitable optical bandgap [23].
Typically,  copper  oxide  (CuO)  is  an  indirect  bandgap
semiconductor  with  a  bandgap  of  1.7  eV  and  a  carrier
diffusion  length  of  200  nm  [24].  However,  pure  CuO
exhibits low photocatalytic degradation of organic dyes in
practical  applications  due  to  photocorrosion  and  rapid
recombination  of  photogenerated  carriers.  Due  to  the
synergistic  geometrical  and  electronic  aspects  or  strain
and  ligand  effects,  nanocomposites  composed  of  two
metal  oxides exhibit  superior  catalytic  activity  compared
to single metal oxides [25]. The disadvantages of single-
component  CuO  photocatalysts  can  be  modified  by
combining  with  other  components  (e.g.,  cerium  oxide,
cuprous oxide, titanium dioxide, ferric oxide) [26‒29]. As
we known, Cu2O is a direct bandgap semiconductor with
a  bandgap  of  2.2  eV  and  a  carrier  diffusion  length  of
500 nm. As a typical p-type semiconductor photocatalyst
with a suitable band gap, low toxicity and a wide visible
light  absorption  range,  Cu2O  has  attracted  a  lot  of

interest.  Meanwhile,  the  photocatalytic  performance  of
photocatalysts  depends  on  the  intrinsic  carrier  dynamics
such  as  carrier  mobility,  life-time,  diffusion  length  and
density.  Surprisingly,  the  carrier  mobility  of  Cu2O  is
30‒130  cm2·V‒1·s‒1,  which  is  significantly  higher  than
that  of  other  photocatalysts  (e.g.,  titanium  dioxide,  bis-
muth vanadium oxide, ferric oxide, and tungsten trioxide)
[30].  Moreover,  some  researches  have  shown  that  CuO
and  Cu2O  can  be  interconverted,  which  avoids  the
addition of other functional materials,  leading to the low
production  costs  [31].  However,  the  nanocatalysts  often
suffered  from aggregation/clumping  due  to  the  high  sur-
face  energies  of  the  particles,  resulting  in  poor  photoca-
talytic activity. Moreover, nanoscale catalysts are difficult
to  be  recycled.  Therefore,  developing  a  new  process  for
synthesizing  highly  active,  stable  and  recyclable  CuO/
Cu2O-based photocatalysts is of great significance.

Carbon  aerogels  are  recognized  as  excellent  carrier
materials  for  loaded  heterogeneous  catalysts  owing  to
their  high  porosity,  excellent  electronic  conductivity  and
physicochemical  stability  [32].  The  materials  commonly
used  for  preparing  carbon  aerogels  include  graphene
oxide  [33],  graphitic  carbon  nitride  [34]  and  metal-
organic frameworks [35]. However, the carbon precursors
of these materials are mainly derived from non-renewable
fossil  resources,  leading  to  the  high  cost.  To  this  end,  a
more  efficient  and  economical  routes  to  fabricate  new
carbon aerogels  with  high performance would be  advan-
tageous.  The  developments  of  biomass-based  carbon
aerogels with abundant renewable raw materials, low cost
and environmental friendliness make them expected to be
a sustainable  alternative for  non-renewable carbon mate-
rials  [36].  Carboxymethylcellulose  sodium  (CMC)  and
cellulose nanofibers (CNFs) produced from decomposing
plant  cellulose  are  the  most  abundant  and  sustainable
biopolymers  on  earth,  which  are  ideal  precursors  for
synthesizing  biomass-based  carbon  aerogels.  The  obtai-
ned  CMC/CNF-based  carbon  aerogels  have  low density,
three-dimensional  interconnected  pores,  high  electrical
conductivity and excellent adsorption capacity. Moreover,
the CMC and CNF structures have natural compatibility,
with  the  introduction  of  CNF  giving  CMC/CNF-based
carbon  aerogels  excellent  compressibility  and  elasticity
[37]. While other biomass precursors used to prepare car-
bon  aerogels  include  alginate  [38],  chitosan  [39],  and
starch  [40],  the  poor  thermal  stability  of  these  biomass
polymers  results  in  the  carbon  aerogels  prepared  being
fragile  and  incompressible  [41],  which  greatly  limits  the
practical  application of  them.  Hence,  the  combination of
heterogeneous  catalysts  with  CMC/CNF-based  carbon
aerogels  to  prepare  novel  photocatalysts  has  great
potential.

Herein,  we  report  the  interpenetration  of  a  Cu2O/CuO
composite into cellulose-based carbon nanosheets (named
Cu2O/CuO@CAx)  using  a  simple  freeze-drying-calcina-
tion  method  for  photocatalytic  degradation  of  methylene
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blue,  where  CuO  nanobelt  precursor  was  partly  reduced
to  Cu2O.  We  carefully  investigated  the  optimal  reaction
conditions  for  the  photocatalytic  degradation  of  methy-
lene  blue.  In  addition,  the  active  oxidation  species
produced  in  the  photocatalytic  degradation  of  methylene
blue were investigated by electron spin resonance (ESR)
characterization and poisoning experiments. The possible
reaction  mechanism  of  the  photocatalytic  degradation
methylene  blue  process  was  further  elucidated.  Overall,
this  study  effectively  combines  biomass  resources  with
different  types  of  metal  oxide  nanomaterials,  which
shows great potential in treating dyes in wastewater.

 

2    Experimental

 2.1    Preparation of CuO

First,  110.0  g  of  sodium  hydroxide  (NaOH)  was  slowly
added to  0.9  L of  deionized water.  Following the  comp-
lete  dissolution  of  NaOH,  20.0  g  of  hexadecyl  trimethyl
ammonium  bromide  (CTAB)  was  slowly  added  in  the
obtained  solution  under  magnetic  stirring  conditions.
Subsequently,  the  mixed  system  was  heated  to  60  °C  to
obtain  NaOH-CTAB  solution.  Additionally,  3.1  g  of
cupric  nitrate  was  precisely  weighed  and  dissolved  in
0.1  L  of  deionized  water.  The  obtained  solution  was
injected  into  the  NaOH-CTAB  solution  and  stirred
magnetically  for  1  h.  The  system  was  then  filtered  at
60  °C,  and  the  filter  cake  was  washed  with  ethanol  and
deionized water to neutral. The black solid samples were
dried  in  an  open  oven  at  50  °C  for  12  h.  Finally,  these
dried  black  powders  were  further  calcined  under  N2
atmosphere (350 °C, 120 min) to obtain CuO.

 2.2    Preparation of Cu2O/CuO@CAx

Different  CuO  dosages  (0.1  g,  0.2  g  and  0.3  g)  were
added  to  20  mL  of  deionized  water  and  dispersed
adequately, respectively. Then, 1.0 g of CMC was dissol-
ved  into  the  above  dispersion.  After  that,  1.0  g  of  CNF
was slowly added, and the obtained solution was mecha-
nically  stirred  for  120  min.  The  mixed  samples  were
freeze-dried  and  then  calculated  at  500  °C  for  120  min
under  nitrogen  atmosphere  to  obtain  Cu2O/CuO@CAx
(named  as  Cu2O/CuO@CA0.1,  Cu2O/CuO@CA0.2 and
Cu2O/CuO@CA0.3, respectively).

 2.3    Photocatalytic activity measurements

The photocatalytic properties of  Cu2O/CuO@CA0.2 were
studied  by  degradation  of  methylene  blue  dye  under  the
irradiation of a 300 W Xenon lamp. The influences of pH
values  on  the  photocatalytic  degradation  of  methylene
blue were first  investigated. Specifically,  methylene blue
solutions (100 ppm) with pH values of 7, 8, 9, 10, and 11

were prepared and then 10 mg of Cu2O/CuO@CA0.2 was
added. The mixed system was first stirred at 500 r·min−1

for 40 min under darkness to reach adsorption/desorption
equilibrium.  Then,  the  reaction  was  reacted  for  60  min
under the irradiation of visible light. The reacted solution
was  filtered  through  a  microporous  filter  (0.22  μm)  and
the  concentrations  were  measured  with  a  ultraviolet−
visible  spectrophotometer  at  a  wavelength  of  664  nm.
Under  the  optimal  pH,  the  effects  of  Cu2O/CuO@CA0.2
dosages,  irradiation  time  and  CuO  addition  in  CuO/
CuO@CAx on  the  photocatalytic  degradation  of
methylene  blue  were  also  investigated.  All  the  above
reactions were carried out at room temperature.

The  degradation  efficiency  of  methylene  blue  was
calculated by the following equation:
 

Removal efficiency(%) =
Ce−Ct

Ce
×100%,

where Ce (mg·L‒1)  and Ct (mg·L‒1)  represented  the
methylene  blue  concentrations  before  and  after  being
degraded for a certain time, respectively.

 

3    Results and discussion

 3.1    Catalyst synthesis and characterization

The preparation schematic, scanning electron microscopy
(SEM)  images,  elemental  mapping  images  and  the
energy-dispersive  X-ray  spectroscopy  (EDS)  of  Cu2O/
CuO@CA0.2 are  shown  in Fig. 1.  The  preparation  of
Cu2O/CuO@CAx is  illustrated in Fig. 1(a),  mainly inclu-
ding  directional  freezing-casting,  vacuum  freeze-drying,
and  calcination  strategies.  First,  CMC  and  CNF  were
used  as  carbon  sources  and  dissolved  in  a  dispersion  of
CuO  nanobelt,  followed  by  directional  freezing-casting
and  vacuum  freeze-drying  to  obtain  Cu2O/CuO@CAx
precursors.  Lastly,  a  controllable  calcination  was  carried
out  to  acquire  Cu2O/CuO@CAx with  vertically  aligned
layered structure. The morphology of the prepared Cu2O/
CuO@CA0.2 was studied by SEM. It is apparent from the
images  in Figs. 1(b)  and 1(c)  that  Cu2O/CuO@CA0.2
exhibits  a  structure  with  vertically  aligned  layers;  this
structure ensures the stability and flexibility of the mate-
rial. Figures 1(d)  and 1(e)  show the  uniform distribution
of  interpenetrated  Cu  species  into  ordered  mesoporous
cellulose-based carbon aerogels.  In addition, the elemen-
tal mapping images (Figs. 1(f)–1(i)) show a uniform distri-
bution  of  C,  N,  O  and  Cu  in  the  composites,  indicating
that the Cu species were successfully interpenetrated into
the  carbon  nanosheets  in  carbon  aerogels.  Furthermore,
EDS  data  (Fig. 1(j))  show  C,  N,  O  and  Cu  contents  of
68.52, 0.10, 15.94 and 10.95 wt%, respectively.

Figure 2 shows the N2 adsorption–desorption isotherms
and Fourier transform infrared (FTIR) spectra of CuO and
Cu2O/CuO@CA0.2.  To  better  illustrate  the  interpenetra-
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ting  effect  of  Cu2O/CuO  into  carbon  nanosheets  in  case
of  carbon  aerogels  on  the  surface  area  and  pore  size
distribution,  CuO and Cu2O/CuO@CA0.2 were  subjected
to N2 adsorption−desorption measurements. As shown in
Fig. 2(a), both materials exhibit IV-type isotherms, indica-
ting  an  abundance  of  mesopores  in  their  structures
(Fig. 2(b)).  Moreover,  the  specific  surface area  of  Cu2O/
CuO@CA0.2 (26.71 m2·g–1) was considerably higher than
CuO (7.79 m2·g–1). This phenomenon can be attributed to
the combination of a Cu2O/CuO compound with a carbon
aerogel exhibiting a layered structure, which is consistent
with  the  SEM  results.  Meanwhile,  the  higher  specific

surface area of Cu2O/CuO@CA0.2 compared to CuO may
enhance the adsorption and mass transfer properties of the
photocatalyst, improving its photocatalytic efficiency.

To investigate the Cu species on the prepared materials,
the functional groups on the material’s surface were inves-
tigated  using  FTIR spectroscopy.  As  shown in Fig. 2(c),
the characteristic absorption band at 3442 cm–1 is attribu-
ted to the stretching vibration of O–H. The characteristic
peak at 494 cm–1 in the FTIR spectrum of CuO is because
of  the  bending  vibration  of  Cu–O  [42].  The  band  at
672  cm−1 in  the  FTIR  spectrum  of  Cu2O/CuO@CA0.2
shown  in Fig. 2(d)  is  associated  with  the  stretching

 

 
Fig. 1    (a)  Schematic  of  Cu2O/CuO@CAx preparation.  (b–e)  Scanning  electron  microscopy  images  of  Cu2O/CuO@CA0.2.
Elemental  mapping  images  of  Cu2O/CuO@CA0.2:  (f)  C,  (g)  N,  (h)  O  and  (i)  Cu.  (j)  Energy-dispersive  X-ray  spectroscopy  of
Cu2O/CuO@CA0.2.
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vibration of Cu–O in Cu2O, while the peak at 521 cm−1 is
attributed  to  the  stretching  vibration  of  Cu–O  in  CuO.
This result further indicated the successful preparation of
Cu2O/CuO@CA0.2.

To  further  verify  the  successful  fabrication  of  the
Cu2O/CuO@CA0.2, X-ray diffraction (XRD) characteriza-
tions of CuO and Cu2O/CuO@CA0.2 were performed. In
addition,  the  elemental  composition  and  chemical  states
of Cu2O/CuO@CA0.2 were investigated using X-ray pho-
toelectron spectroscopy (XPS). The XRD and XPS results
are  shown  in Fig. 3.  In Fig. 3(a),  the  typical  diffraction
peaks  of  CuO  can  be  observed  (PDF#44-0706-CuO).
With  regards  to  the  Cu2O/CuO@CA0.2,  the  diffraction
peaks  at  35.4°  and  38.3°  correspond  to  the  (110)  and
(111)  crystallographic  planes  of  CuO,  respectively,  and
those  at  36.3°,  42.3°,  61.4°  and  73.5°  correspond  to  the
(111),  (200),  (220)  and  (311)  crystallographic  planes  of
Cu2O  (PDF#77-0199),  respectively.  Thus,  the  results
indicate  that  partial  Cu2O  was  formed  during  CuO  cal-
cination.  The  composite  formed  by  the  two  compounds
was  interpenetrated  into  the  carbon  nanosheets  of  the
carbon  aerogels,  which  is  consistent  with  the  FTIR  and
SEM results.

In the survey spectrum of Cu2O/CuO@CA0.2 shown in
Fig. 3(b),  the  binding  energy  peaks  for  C,  N,  O  and  Cu
can be observed. In the C 1s spectrum shown in Fig. 3(c),

three  diffraction  peaks  located  at  284.8,  285.7  and
290.3 eV can be attributed to C–C, O–C and O=C bond-
ing, respectively [43]. The peaks at 399.5 and 401.6 eV in
the  N  1s  spectrum  correspond  to  NH2/N–C  and  NH3+,
respectively  (Fig. 3(d)).  The  high-resolution  O  1s  spec-
trum  was  fitted  into  three  peaks,  identified  as  O–Cu
(531.1  eV),  O=C  (532.8  eV)  and  H–O  (534.7  eV)
(Fig. 3(e))  [44].  The presence of  Cu2+ was confirmed by
the peaks of Cu 2p3/2 and Cu 2p1/2 at 933.4 and 953.2 eV,
respectively, in the Cu 2p spectrum. The presence of Cu+

was  confirmed  by  the  peaks  at  932.0  and  951.8  eV,
indicating Cu2O formation [43]. The aforementioned resu-
lts  are  consistent  with  those  of  SEM,  FTIR  and  XRD,
indicating  the  successful  preparation  of  Cu2O/CuO@
CA0.2.

Figure 4 shows the Mott−Schottky, ultraviolet photoele-
ctron  spectroscopy  (UPS),  photocurrent  response  and
electrochemical  impedance  spectroscopy  (EIS)  results  of
CuO  and  Cu2O/CuO@CA0.2.  The  energy  band  structure
of  semiconductors  is  closely  related  to  their  redox  pro-
perties,  which  essentially  determine  their  charge  separa-
tion efficiency. To elucidate the energy band structure of
Cu2O/CuO@CA0.2, Mott−Schottky plots were constructed
and  UPS  measurements  were  performed.  As  shown  in
Figs. 4(a)  and 4(b),  the  positive  slope  of  the  Mott−
Schottky  curves  indicated  that  both  CuO  and  Cu2O/

 

 
Fig. 2    (a) N2 adsorption−desorption isotherms and (b) Barret−Joyner−Halenda pore size distributions of copper oxide (CuO) and
Cu2O/CuO@CA0.2;  (c)  Fourier  transform  infrared  (FTIR)  spectra  of  CuO  and  Cu2O/CuO@CA0.2 and  (d)  its  local  zoom  of  FTIR
spectrum for Cu2O/CuO@CA0.2.
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CuO@CA0.2 are  n-type  semiconductors.  Based  on  the
horizontal  intercepts  obtained  from  the  maximum  slope,
the  flat-band  potentials  of  CuO  and  Cu2O/CuO@CA0.2
were  −0.98  and  −0.90  V,  respectively.  The  conduction
band of the n-type semiconductor is 0.2 V more negative
than  the  flat-band  potential  [45].  Thus,  the  conduction
bands  of  CuO  and  Cu2O/CuO@CA0.2 were  −0.78  and

−0.7 V vs. Ag/AgCl, respectively. The conversion of the
reference  electrode  of  the  conduction  band  to  a  normal
hydrogen electrode (NHE) was achieved using the Nernst
formula  (ENHE = EAg/AgCl +  0.197  and  pH  =  7),  and  the
calculated  conduction  bands  for  CuO  and  Cu2O/CuO@
CA0.2 were calculated as −0.98 and −0.90 V, respectively.
In  addition,  UPS  was  used  to  study  the  electronic  states

 

 
Fig. 3    (a)  X-ray  diffraction  patterns  of  copper  oxide  and Cu2O/CuO@CA0.2;  X-ray  photoelectron  spectroscopy (XPS)  spectra  of
Cu2O/CuO@CA0.2: (b) XPS survey spectrum, (c) C 1s, (d) N 1s, (e) O 1s and (f) Cu 2p.

 

 

 
Fig. 4    Mott−Schottky plots of (a) copper oxide (CuO) and (b) Cu2O/CuO@CA0.2; (c, d) ultraviolet photoelectron spectroscopy of
CuO and  Cu2O/CuO@CA0.2;  (e)  periodic  ON/OFF photocurrent  response  of  CuO and  Cu2O/CuO@CA0.2 in  0.1  mol·L−1 Na2SO4
electrolyte under visible light irradiation (λ > 420 nm) at 0.5 V vs. Ag/AgCl electrode; (f) electrochemical impedance spectroscopy
Nyquist plots in the visible light illumination of CuO and Cu2O/CuO@CA0.2.
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and valence band (VB) of the photocatalysts. Figures 4(c)
and 4(d) show the UPS results of CuO and Cu2O/CuO@
CA0.2,  respectively.  The  work  function  (Φ)  was  first
calculated according to Φ = 21.20 − Ecutoff, where 21.20 is
the UV excitation energy, and Ecutoff was derived from the
point of intersection at high binding energy. Ecutoff values
for  CuO  and  Cu2O/CuO@CA0.2 were  16.20  and  16.02
eV, respectively. The Φ values of CuO and Cu2O/CuO@
CA0.2 were calculated using its formula as 5.00 and 5.18
eV, respectively. The VB positions were calculated based
on EVB (vs.  vacuum)  =  Φ  + Eedge,  where Eedge is  the
intersection point at low binding energy. Eedge values for
CuO  and  Cu2O/CuO@CA0.2 were  0.30  and  −  0.03  eV,
and the calculated EVB (vs. vacuum) values were 0.86 and
0.71  eV,  respectively.  Finally,  the  reference  was  trans-
formed  into  NHE  using  the  equation: EVB (vs.  NHE)  =
EVB (vs.  vacuum)  −  4.44.  The  VBs  of  CuO  and  Cu2O/
CuO@CA0.2 vs.  NHE  were  calculated  to  be  0.86  and
0.71 V, respectively. According to the Mott–Schottky and
UPS results, the bandgaps of CuO and Cu2O/CuO@CA0.2
were calculated to be 1.84 and 1.61 eV, respectively. The

charge  separation  of  CuO  and  Cu2O/CuO@CA0.2 was
investigated  by  recording  transient  photocurrent  curves.
As  shown  in Fig. 4(e),  Cu2O/CuO@CA0.2 exhibits  a
higher  photocurrent  response  than  CuO,  indicating  that
Cu2O/CuO@CA0.2 has  a  higher  photogenerated  charge
separation ability. Moreover, the EIS results showed that
the arc radius of Cu2O/CuO@CA0.2 is smaller than that of
CuO  (Fig. 4(f)),  indicating  that  the  charge  transfer
resistance  of  Cu2O/CuO@CA0.2 is  significantly  lower,
allowing  for  the  efficient  separation  and  migration  of
photoinduced excitons [46].

 3.2    Photocatalytic activity tests

To  increase  methylene  blue  degradation,  experiments
were  conducted  to  determine  the  optimal  process  condi-
tions.  The  results  are  shown  in Fig. 5.  The  pH  value
affects  the  photocatalyst  surface  properties,  such  as  the
surface  charge  and  dissociation  of  contaminants  [47].
Meanwhile, methylene blue is a cationic dye; an alkaline
system is beneficial for its degradation. In this work, the

 

 
Fig. 5    The effects of (a) pH and (b) catalyst dosage on the photocatalytic degradation of methylene blue using Cu2O/CuO@CA0.2;
the  effect  of  (c)  reaction  time  on  the  photocatalytic  degradation  of  methylene  blue  using  Cu2O/CuO@CAx;  photocatalytic
degradation kinetics of methylene blue using (d, g) Cu2O/CuO@CA0.1, (e, h) Cu2O/CuO@CA0.2 and (f, i) Cu2O/CuO@CA0.3.
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photocatalytic  degradation  methylene  blue  activity  was
monitored by measuring the absorbance of the solution at
different  pH  values  (7,  8,  9,  10  and  11).  Initially,
Cu2O/CuO@CA0.2 (10  mg)  was  added  to  a  methylene
blue  solution  (10  mL  and  100  ppm)  and  reacted  in  the
dark  with  magnetic  stirring  for  40  min  to  reach
adsorption/desorption  equilibrium,  followed  by  irradia-
tion  for  60  min.  As  shown  in Fig. 5(a),  the  degradation
rate  of  methylene  blue  reached  99.08% when  pH
increased  to  8.  The  degradation  of  methylene  blue
remained constant upon further increasing the pH values.
Therefore, pH = 8 was selected as the best pH value from
the perspective of green chemistry.

Next,  the  amount  of  catalyst  significantly  impacts  the
degradation  efficiency  and  oxidation  capacity.  Here,  a
series  of  experiments  were  performed  with  different
Cu2O/CuO@CA0.2 dosages for the photocatalytic degrada-
tion  of  methylene  blue.  As  shown  in Fig. 5(b),  the
degradation rate of methylene blue reached 99.09% when
the  Cu2O/CuO@CA0.2 dosage  was  5  mg.  However,  the
degradation  rate  of  methylene  blue  slightly  decreased
upon  increasing  the  amount  of  Cu2O/CuO@CA0.2.  This
phenomenon  can  be  attributed  to  the  increased  turbidity
of the nanoparticles, which causes more scattering effects
and less visible light penetration [2].

A  series  of  tests  were  performed  to  investigate  the
effect  of  CuO  addition  in  CuO/CuO@CAx on  the
degradation of methylene blue. Similarly, the experiments
were  first  treated  in  dark  conditions  for  40  min  to  reach
adsorption/desorption  equilibrium.  Afterwards,  the  reac-
tions  were  carried  out  under  the  irradiation  with  300  W
Xenon  lamp.  Obviously,  all  samples  displayed  excellent
photocatalytic  degradation  performance  (Fig. 5(c)).
Among them, Cu2O/CuO@CA0.2 exhibited the best photo-
catalytic  performance,  with  the  degradation  rate  of
methylene  blue  reaching  90.98% when  irradiated  for
20 min, which was higher than those of CuO/CuO@CA0.1
and  CuO/CuO@CA0.3 systems.  In  the  following,  the
effects  of  reaction  times  on  their  photocatalytic  degra-
dation  efficiencies  of  methylene  blue  were  studied.  As
shown in Fig. 5(c), the degradation rate of methylene blue
was  significantly  increased  upon  exposure  to  a  300  W
xenon lamp irradiation for 20 min, showing a linear trend.
A slight  increase in degradation efficiency was observed
between 20 and 60 min. However, it was almost constant
between 60 and 120 min due to the gradual occupation of
the active catalyst  sites  as  the reaction proceeded,  which
reduced  the  efficiency  of  the  system  [2].  Among  the
tested  photocatalysts,  Cu2O/CuO@CA0.2 exhibited  the
highest  photocatalytic  degradation  efficiency,  degrading
≥ 90% of  methylene  blue  in  60  min.  To  further
demonstrate  the  performance  of  the  photocatalysts,
kinetic  curve  fitting  was  performed. Figures 5(d)–5(i)
fitting  results  revealed  that  the  degradation  process
followed  first-order  reaction  kinetics.  In  addition,  as
shown in Figs. 5(d)–5(f), the rate constant of Cu2O/CuO@

CA0.2 was determined to be 0.05047, which is higher than
those  of  Cu2O/CuO@CA0.1 (0.03937)  and  Cu2O/CuO@
CA0.3 (0.04523), indicating that Cu2O/CuO@CA0.2 demo-
nstrated the best photocatalytic degradation performance.

To  investigate  the  effect  of  photo  corrosion  on  the
photocatalyst,  the  content  of  copper  ions  released  from
Cu2O/CuO@CA0.2 after  the  reaction  was  also  explored.
Here, 5 mg of Cu2O/CuO@CA0.2 was added to 10 mL of
methylene blue solution with a concentration of 100 ppm
(the  copper  content  was  54.75  mg·L–1),  and  the  mixed
system was stirred for 40 min under dark conditions and
then irradiated by visible light for 60 min. After that, the
contents  of  copper  ions  were  detected  by  inductively
coupled plasma mass spectrometry, and 0.1919 mg·L–1 of
copper ions was observed, indicating that the Cu2O/CuO@
CA0.2 has an excellent stability.

To  better  understand  the  photocatalytic  efficiency  of
Cu2O/CuO@CA0.2,  the  efficiency  of  Cu2O/CuO@CA0.2
and the  reported  catalysts  on the  photocatalytic  degrada-
tion of methylene blue were investigated. Obviously, the
Cu2O/CuO@CA0.2 has excellent photocatalytic activity in
the  methylene  blue  degradation  as  compared  with  the
reported  catalysts  (Table  S1,  cf.  Electronic  Supplemen-
tary  Material)  [26–29,33,48].  As  for  the  MgFe2O4/CuO/
GO,  the  reaction  time  is  lower  than  that  of  this  work
(Table S1, entries 1 and 2).  However,  the initial  concen-
tration  of  methylene  blue  in  the  Cu2O/CuO@CA0.2
(100 mg·L–1) photocatalytic system is higher than that of
MgFe2O4/CuO/GO (10 mg·L–1). Meanwhile, the MgFe2O4/
CuO/GO  has  large  preparation  costs  and  tedious  prepa-
ration processes when compared with Cu2O/CuO@CA0.2.
Overall,  this  photocatalytic  system shows  excellent  pho-
tocatalytic  performance  and  has  a  promising  application
in the treatment of methylene blue.

 3.3    ESR characterization and poisoning experiments

To investigate the photocatalytic degradation mechanism
of  methylene  blue  using  Cu2O/CuO@CA0.2,  ESR  trap-
ping experiments were conducted. The results are shown
in Fig. 6.  The electrons (e−),  holes (h+),  superoxide radi-
cal  (·O2

−),  hydroxyl  radical  (·OH)  and  singlet  oxygen
(1O2)  signals  of  Cu2O/CuO@CA0.2 were  detected  in  the
absence  of  catalysts  in  the  dark  and  upon  exposure  to
catalysts  for  5  and  10  min.  Initially,  2,2,6,6-tetramethyl-
piperidine-N-oxide  (TEMPO)  was  used  to  detect  e− and
h+.  As  shown  in Fig. 6(a),  a  stable  triplet  peak  with  a
1:1:1  intensity  was  generated  using  TEMPO  (in  the
absence of a catalyst or in the dark with a catalyst). After
5  min  of  irradiation,  TEMPO  was  converted,  and  the
corresponding  peak  intensity  decreased,  indicating  the
production  of  e−.  When  irradiated  for  10  min,  the  peak
intensity  was  further  reduced,  indicating  more  e− were
generated.  The  signal  intensity  trends  of  h+ were  similar
to those of e− (Fig. 6(b)) owing to the pair formation of e−

and h+.
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Furthermore, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO)
was used to  monitor  the  generated  ·O2

− and ·OH during
the  photocatalytic  degradation  processes.  In Fig. 6(c),
·O2

− signals  were  not  detectable  in  the  absence  of
catalysts  when  irradiated  using  visible  light  or  in  the
darkness with photocatalysts,  indicating that  visible light
is  necessary  for  producing  ·O2

−.  Under  visible  light
irradiation, the signals of DMPO/·O2

− with an intensity of
1:1:1:1  were  detected  in  the  Cu2O/CuO@CA0.2 system,
indicating  that  ·O2

− was  generated.  Similarly,  the  signal
intensity  of  DMPO/·O2

− increased  with  the  irradiation
time,  suggesting  more  ·O2

− was  produced.  For  ·OH,  all
the  trends  were  similar  to  those  of  ·O2

−,  except  for  the
DMPO/·OH intensity of 1:2:2:1 (Fig. 6(d)).

1O2 is  also  a  typical  oxidatively  active  species,  with
2,2,6,6-tetramethyl-4-piperidone-1-yloxy commonly used
as  a  trapping  agent  in  ESR  measurements  to  investigate
the  production  of 1O2.  As  displayed  in Fig. 6(e),  no
signals were observed in the system without Cu2O/CuO@
CA0.2 irradiated by visible light or in darkness. However,
a  triplet  peak  with  an  intensity  of  1:1:1  was  generated
when  visible  light  was  irradiated  on  the  Cu2O/CuO@
CA0.2 system.  The  corresponding  signal  intensity  inc-
reased with a longer exposure time to light, indicating the
production  of 1O2 and  its  contents  increasing  with
irradiation time.

To  determine  the  effects  of  the  main  active  species
produced by the Cu2O/CuO@CA0.2 photocatalytic system
for  the  degradation  of  methylene  blue,  a  series  of  poi-
soning  experiments  were  performed  over  Cu2O/CuO@
CA0.2 under optimal conditions (5 mg Cu2O/CuO@CA0.2,

pH  =  8,  100  ppm  of  methylene  blue  solution  and
exposure  to  the  dark  for  40  min  and  visible  light
irradiation for 60 min). The effects of ·OH, 1O2, ·O2

− and
h+ on  the  photocatalytic  degradation  of  methylene  blue
were investigated using isopropyl alcohol, tryptophan, p-
benzoquinone and potassium iodide as  sacrificial  agents.
As shown in Fig. 6(f),  adding p-benzoquinone, isopropyl
alcohol  and  tryptophan  inhibited  the  photocatalytic
degradation  of  methylene  blue  compared  to  the  Cu2O/
CuO@CA0.2 photocatalytic  system  without  a  sacrificial
agent. Moreover, compared with the other two sacrificial
agents,  the  addition  of  tryptophan  resulted  in  the  lowest
degradation  rate  of  methylene  blue,  indicating  that 1O2
was the main active species involved in the photocatalytic
degradation  of  methylene  blue.  However,  after  adding
potassium iodide, the degradation rate of methylene blue
was slightly enhanced, indicating that the h+ inhibited the
degradation of methylene blue.

 3.4    Possible mechanism of photocatalytic degradation of
methylene blue via Cu2O/CuO@CA0.2

Based on previously reported data and the results of ESR
spectroscopy  measurements  as  well  as  poisoning  experi-
ments, a possible reaction pathway for the photocatalytic
degradation  of  methylene  blue  using  Cu2O/CuO@CA0.2
was proposed [49]. Initially, the different potentials of the
VBs and conduction bands of CuO and Cu2O result in the
transfer  of  photogenerated  e− and  h+ between  CuO  and
Cu2O. In case of visible light irradiation, e− is transferred
from Cu2O to CuO, while h+ is  transferred from CuO to

 

 
Fig. 6    2,2,6,6-Tetramethylpiperidine-N-oxide  electron  spin  resonance  (ESR)  spin  labeling  for  (a)  electrons  and  (b)  holes,  5,5-
dimethyl-1-pyrroline-N-oxide ESR spin trapping for (c) superoxide radical and (d) hydroxyl radical as well as 2,2,6,6-tetramethyl-4-
piperidone-1-yloxy  ESR  spin  labeling  for  (e)  singlet  oxygen  (control:  under  the  dark  conditions  or  irradiation  without  samples);
(f) the effect of different active oxidation species on methylene blue’s degradation.
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Cu2O  [50].  Furthermore,  carbon  aerogels  have  excellent
conductivity  and  superior  charge  carrier  mobility,
resulting  in  enhanced  charge  separation.  The  pathways
for  the  generation  of  active  oxidation  species  are
postulated as follows:
 

O2+ e−→ ·O2
−

 

·O2
−+h+→ 1O2

 

OH−/H2O+h+→ ·OH
The  excited  e− reacts  with  the  O2 adsorbed  on  the

catalyst surface to form ·O2
−, as shown in Fig. 7. Some of

the ·O2
− further reacts with h+ to form 1O2. Moreover, h+

can combine with OH− and H2O to form ·OH. Eventually,
methylene  blue  adsorbed  on  the  catalyst  surface  was
degraded  to  CO2 and  H2O  under  their  comprehensive
effects.

 

4    Conclusions

In summary, Cu2O/CuO@CA0.2 with a vertically aligned
layered structure  was  successfully  prepared via  a  freeze-
drying-calcination  method.  Cu2O/CuO@CA0.2 exhibited
a  narrower  bandgap  and  faster  photogenerated  carrier
separation/migration  than  CuO.  According  to  the  first-
order  kinetics  equation,  photocatalytic  experiments
demonstrated  that  Cu2O/CuO@CA0.2 displays  excellent
photocatalytic  degradation  of  methylene  blue.  The
optimised  reaction  conditions  yielded  an  optimal
degradation rate of 99.09% in 60 min (Cu2O/CuO@CA0.2
dosage:  5  mg,  pH  8  and  methylene  blue  solution
concentration:  100  ppm).  The  usage  of  free  radical
scavengers  and  tracking  probes  revealed  that 1O2 is  the
main active oxidation species involved in the degradation
process.  Therefore,  this  study  proposed  a  simple,
effective and controllable method for preparing biomass-
based photocatalysts loaded with metal oxides to facilitate
the application of photocatalytic technology in the field of
environmental protection.
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