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ABSTRACT: Zn-doped cuprous oxide (Cu2O) nanoparticles coated
by carbon layers (Zn/Cu2O@C) have been obtained via a bimetallic
MOF (Zn/Cu-MOF-199) as the sacrificial precursor. Originated from
the octahedral morphology of Zn/Cu-MOF-199, the as-synthesized
Zn/Cu2O@C shows a porous octahedron structure. The obtained
Zn/Cu2O@C can afford the following merits. (1) The cation doping
of Zn inside Cu2O can enhance the light absorption by introducing
impurity energy levels and facilitate the separation of photoinduced
electrons and holes. (2) The coating of a carbon layer in Zn/Cu2O@
C can also efficiently enhance the separation efficiency of photo-
induced charge carriers. (3) The porous structure of Zn/Cu2O@C
can provide increased active sites. Therefore, these merits lead to the highly improved photocatalytic activities toward various
chemical reactions. In addition, the fully coated carbon layer can facilitate the cycle stability of Zn/Cu2O@C in the photocatalytic
processes.

1. INTRODUCTION

Cuprous oxide (Cu2O) has high potentials in the field of
photocatalysis, due to its narrow band gap, higher hole
mobility, and longer carrier diffusion length path.1 With a
direct band gap of 2.17 eV, Cu2O can act as a photocatalyst of
visible-light-induced chemical reactions. Moreover, previous
reports have demonstrated that suitable cation doping in Cu2O
can tune the energy levels and decrease the band gap, leading
to the enhanced light absorption ability.2 However, the
photocatalytic activity of Cu2O has been limited due to the
relatively lower separation efficiency of photoinduced charge
carriers and the instability related with the intermediate
valence state of Cu(I) and photocorrosion issues.3 Engineering
heterostructures based on doped Cu2O and other materials
(such as TiO2, ZnO, and metal), which can provide a
separation path for the photoinduced electrons and holes, may
be able to solve the above issues.4 Nevertherless, studies on
fabricating a material which can combine the merits of cation
doping and heterostructures have not been given sufficient
attention due to the difficulties in the rational design of such
materials.
According to an experimental and theoretical investigation

reported previously, cation doping of Zn in Cu2O can
modulate the energy band structure by forming impurity
levels and can affect the electrical characteristics of the entire
system, resulting in the improved performances for photo-
catalysis and photoelectrochemistry.5 Except for the semi-
conductors (such as TiO2) that can match well with the energy

band of Cu2O and control the transfer path of photoinduced
charge carriers, carbon materials with high mobility of charge
carriers and low cost can be an ideal alternative to noble metals
and can lead to the highly enhanced separation efficiency of
photoinduced charge carriers when forming heterostructures
with Cu2O as the photocatalysts.6 Also, the fully coated carbon
layer on Cu2O can help avoid the redox reaction of Cu(I), and
the controlled transfer of photoinduced electrons from Cu2O
to the carbon layer can relieve the photocorrosion issue. Based
on the above analysis, Cu2O-based composites with the cation
doping of Zn and coating of carbon layers are expected to
demonstrate highly improved photocatalytic activities and
stability; however, as far as we know, such materials are seldom
reported, although the cation doping of Zn has been obtained
via different methods due to the similar radius of Zn2+ and
Cu+.7

Recently, metal−organic frameworks (MOFs), especially
bimetallic MOFs, composed of tunable metal cations and
organic ligands, have attracted numerous attention as the
annealing precursors of various functional composites.8

Owning to the great advantages originating from the orderly
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porous structure and molecular dispersion of metal cations and
organic ligands in parent MOFs, these derivatives have shown
significant potentials in many fields related to energy
conversion.9 Therefore, according to the structural features
of Cu2O-based composites that we mentioned above, we have
chosen Zn/Cu bimetallic MOFs (Zn/Cu-MOF-199) as the
precursors to fabricate the target material. Due to the
molecular dispersion of Zn and Cu in the bimetallic MOF
precursor, we have successfully fabricated a porous octahedron
structure composed of carbon layer-coated Zn-doped Cu2O
nanoparticles (Zn/Cu2O@C). As expected, the obtained Zn/
Cu2O@C octahedra have shown improved photocatalytic
activities toward various reaction systems, due to the beneficial
structural features of cation doping of Zn, the carbon layer
coating, and the porous structure, which can not only enhance
the light absorption ability and separation efficiency of
photoinduced charge carriers but also create more active

sites. Moreover, the carbon layer coating can facilitate the
stability of Zn/Cu2O@C in the photocatalytic processes,
leading to good cycle stability after five evaluation processes of
the hydrogen generation reaction.

2. RESULTS AND DISCUSSION

As shown in Scheme 1, bimetallic Zn/Cu-MOF-199 has been
obtained via a solvothermal strategy with Zn2+ and Cu2+ as the
bimetallic resources. After the calcination process under N2
atmosphere, the Zn/Cu-MOF-199 precursors can be con-
verted into Zn-doped Cu2O coated by carbon layers. The
typical scanning electron microscopy (SEM) image (Figure
S1a) indicates that the precursor Zn/Cu-MOF-199 has a
uniform octahedral morphology with smooth surfaces and an
average particle size of about 1.3 μm (Figure S1b). The
corresponding XRD pattern (Figure 1a1) in Figure 1 shows

Scheme 1. Schematic Illustration of the Synthetic Process of a Zn/Cu2O@C Octahedron

Figure 1. Powder XRD patterns of (a1) Zn/Cu-MOF-199 octahedral nanoparticles and (a2) Zn/Cu2O@C obtained by calcining Zn/Cu-MOF-199
octahedral nanoparticles. (b) Typical SEM image and (c) high-magnification SEM image of the obtained Zn/Cu2O@C. (d) Lower-magnification
TEM images of Zn/Cu2O@C. Inset of (d) is the corresponding particle size distribution of the Zn/Cu2O nanoparticles. (e) High-magnification
TEM image of Zn/Cu2O@C. (f) N2 soprtion curves of Zn/Cu2O@C. (g) High-resolution TEM image of Zn/Cu2O@C. (h) HADDF-STEM
image of a single Zn/Cu2O@C particle and its corresponding element mapping profiles.
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only the peaks assigned to MOF-199.10 Energy-dispersive X-
ray spectroscopy (EDS) results, including the elemental
mapping shown in Figure S2, verify the existence and the
uniform distribution of Zn and Cu elements in the obtained
octahedral nanoparticles, indicating the successful doping of
Zn element in the Cu-MOF-199 crystalline structure.
According to the thermogravimetric analysis (TGA, Figure
S3) of the Zn/Cu-MOF-199, the annealing temperature has
been set at 300 °C to ensure the complete conversion of MOF
structure to its derivative. After the calcination treatment, the
low- and high-magnification SEM images (Figure 1b and c) of
the obtained sample show a well-maintained octahedral
morphology, though with rough surfaces and a smaller size
distribution (about 1.1 mm, Figure S1b). The XRD pattern
(Figure 1a2) of the derivative shows only peaks assigned to
Cu2O, indicating the possibility of the doping of Zn inside the
Cu2O crystalline structure. According to the XRD pattern, no
obvious shift of peaks is observed in Zn/Cu2O@C after the
atomic doping, and this phenomenon has also been reported
by other studies on Zn-doped Cu2O.

5 In order to explain this
phenomenon, we have simulated the XRD pattern of the Cu2O
crystal structure with one Cu atom replaced by Zn (Figure S4),
which shows no shift, confirming the possibility of no shift in
the XRD peaks after the atomic doping.
The transmission electron microscopy (TEM) image has

also been investigated to obtain more detailed structure
information on Zn/Cu2O@C. The low- and high-magnifica-
tion TEM images (Figures 1d and 1e) of Zn/Cu2O@C
octahedral particles show that the octahedral particles have a
porous structure composed of large amounts of nanoparticles
surrounded by carbon layers. The size distribution curve of the
nanoparticles inside Zn/Cu2O@C gives an average size of
about 11.5 nm. The existence of a carbon layer has been
further revealed by Raman spectroscopy (Figure S5), which
shows the characteristic peaks of graphic carbon, i.e., a D band
and G band. The porous structure can be revealed by N2
sorption measurement (Figures 1f and S6), which provides a
large BET surface area of 108.1 m2/g, and the pore size
distribution mainly centers at the range of 1−10 nm, which can
be attributed to the accumulation of the nanoparticles. A
further high-resolution TEM image (Figure 1g) displays the
crystal fringe spacing of 0.213 nm in a monodispersed
nanoparticle, which can be assigned to the (200) planes of
Cu2O. The corresponding selected area electron diffraction
(SAED) pattern displays a set of concentric rings, which also
matches well with Cu2O phase (Figure S7). The doping of Zn
can be confirmed by the elemental mapping of the Zn/Cu2O@
C shown in Figure 1h−h4, where the Cu, Zn, O, and C
elements are uniformly distributed. ICP (inductively coupled
plasma) results of Zn/Cu2O@C provides an accurate mass
fraction of Zn as 4.07%, and the calculated ratio of Zn/Cu is
about 8.2%. According to the above results, the annealing
product, Zn/Cu2O@C, has a porous octahedral structure
composed of carbon layer-coated Zn-doped Cu2O nano-
particles.
X-ray photoelectron spectroscopy (XPS, Figure 2) has been

utilized to investigate the chemical states of elements in Zn/
Cu2O@C and to confirm the doping of Zn inside Cu2O. The
survey spectrum (Figure 2a) has demonstrated the coexistence
of Cu, Zn, O, and C elements in the obtained Zn/Cu2O@C.
The high-resolution O 1s and C 1s spectrum of Zn/Cu2O@C
is shown in Figure S8. The high-resolution Cu 2p spectrum
shown in Figure 2b displays two sets of peaks assigned to Cu+

(932.5 and 952.33 eV) and Cu2+ (934.6 eV, 954.3 eV, and
satellite peaks), where the Cu+ should be attributed to Cu2O
and the Cu2+ should be attributed to the surface oxidation of
Cu2O to CuO. There is only one peak at 916.6 eV (Cu+) in
the Auger Cu LMM curve of Zn/Cu2O@C (Figure S9),
confirming the main formation of Cu element as Cu2O. As
shown in Figure 2c, there is an obvious red shift of the Cu 2p
spectrum in Zn/Cu2O@C compared with undoped Cu2O@C
(obtained by pure Cu-MOF-199 as the precursor, Figures S10
and S11), which should be attributed from copper-deficient
regions inside Cu2O caused by cation doping of Zn.5 The high-
resolution Zn 2p spectrum shows peaks assigned to Zn2+

(Figure 2d), confirming the cation doping of Zn inside Cu2O.
The photocatalytic performance (shown in Figure 3) of Zn/

Cu2O@C with the structural features of cation doping of Zn
and coating carbon layer has been first evaluated by the
hydrogen evolution reaction from water. As shown in Figure 3a
and 3b, Zn/Cu2O@C can afford a hydrogen evolution rate of
26 μmol/g/h and shows a good stability during the five cycles
of photocatalytic processes under the irradiation of simulated
solar light. Compared with contrast samples with different
doping amounts of Zn, including Cu2O@C, Zn/Cu2O@C-l (l
represents less doping amount of Zn), and Zn/Cu2O@C-m (m
represents more doping amount of Zn) (see details in Figures
S10−S12 and Tables S1 and S2), Zn/Cu2O@C has shown a
much higher activity toward the hydrogen evolution reaction
during the reaction time of 10 h due to the optimized amount
of cation doping. Zn/Cu2O@C-l and Zn/Cu2O@C have
shown highly enhanced activity than undoped Cu2O@C, while
Zn/Cu2O@C-m has shown decreased photocatalytic activity
(Figure 3a and Figure S13), indicating the positive influence of
doping Zn in Cu2O, though there is a limitation for the doping
amount. Nevertheless, the stability of calcination products with
different doping amounts of Zn has been maintained well after
five cycles and without obvious decrease in the hydrogen
evolution rate (Figure S14). Moreover, the positive influences
of carbon layers on both the activity and stability have been
highlighted by the significantly decreased separation efficiency
of photoinduced charge carriers, the hydrogen generation rate

Figure 2. (a) XPS survey and high-resolution (b) Cu 2p spectrum of
Zn/Cu2O@C particles. (c) Comparison of Cu 2p spectra between
Zn/Cu2O@C and Cu2O@C. (d) High-resolution Zn 2p spectrum of
Zn/Cu2O@C.
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of Zn/Cu2O (Figures S15−S17), and the obvious blue color of
the reaction solution containing Zn/Cu2O after the catalytic
process, which should be caused by the dissolution of Cu2O in
the aqueous solution containing 2-hydroxypropanoic acid
(HL) (Figure S18). By contrast, there has been no obvious
blue color in the reaction solution containing Zn/Cu2O@C
(Figure S18c). The characterization of the Zn/Cu2O@C after
the catalysis also indicates the good stability during the
catalytic processes (Figure S19). In addition, the obtained Zn/
Cu2O@C can also demonstrate enhanced activity toward the
visible-light-induced reaction, e.g., the hydroxylation of
phenylboric acids (Figure 3c and Table S3). Zn/Cu2O@C as
the photocatalyst can afford almost 100% yield of 4-
methoxyphenol at a reaction time of 8 h, which is much
higher than those of the undoped Cu2O@C and other control
samples, further indicating the optimized doping amount of Zn
in Zn/Cu2O@C.
Thorough investigation for the influences of doping Zn on

the photocatalytic activity of Cu2O has been taken by the
characterizations of UV−vis spectra, photocurrent density
measurement, linear sweep voltammetry (LSV), and electro-
chemical impedance spectroscopy (EIS). Zn/Cu2O@C has an
obviously higher adsorption at the visible-light region than
Cu2O@C, and the broad peak at about 500 nm can be
assigned to the impurity level induced by cation doping of Zn
(Figure 3d). Photocurrent density curves of the various
catalysts with different doping amounts of Zn2+ (Figure 3e)

have been obtained at the condition with a voltage of 0.35 V
and on−off intervals of 20 s. The trend of photocurrent density
values follows the same order with the photocatalytic activities
of the four catalysts; Zn/Cu2O@C has the highest photo-
current density, indicating its much faster separation efficiency
of photoinduced electrons and holes, while the decreased
photocurrent response of Zn/Cu2O@C-m indicates that the
excessive doping of Zn can lead to the rapid recombination of
the electrons and holes. This phenomenon can be assigned to
the interstitial energy levels induced confrontational relation-
ship between the light absorption enhancement and carrier
migration efficiency decrease, which is responsible for the
activity trend among the samples with various Zn amounts. In
addition, Zn/Cu2O@C has the smallest semicircular radius in
the Nyquist plot (Figure 3f), which further reveals the more
effective separation of photoinduced charge transfer after the
doping of Zn in Cu2O. LSV curves indicate that Zn/Cu2O@C
has the highest cathodic current density for the reduction of
water to H2 among the four photocatalysts (Figure S20). All of
the above results have indicated that the controlled doping of
Zn in Cu2O can facilitate light absorption and the separation of
photoinduced electrons and holes, making Zn/Cu2O@C as the
optimized photocatalyst for various reactions.

3. CONCLUSIONS
With Zn/Cu-MOF-199 octahedral nanoparticles as the
sacrificial template, carbon layer-coated Zn-doped Cu2O
nanoparticles (about 11.5 nm) assembled into porous
octahedra have been obtained. The as-synthesized Zn/
Cu2O@C has shown highly improved photocatalytic activities
toward the hydrogen evolution reaction and visible-light
induced hydroxylation of phenylboric acids. The synergistic
effect of carbon layer and cation doping of Zn in Cu2O leads to
the effectively enhanced light absorption and separation
efficiency of photoinduced charge carriers, and the larger
surface area of Zn/Cu2O@C leads to more active sites, which
are responsible for the good photocatalytic activities of Zn/
Cu2O@C. Moreover, Zn/Cu2O@C has shown excellent cycle
stability in photocatalytic processes. This report here may open
a new avenue in fabricating Cu2O-based photocatalysts with
excellent performances.
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Figure 3. (a) Simulated solar light-induced hydrogen evolution rates
from water over different photocatalysts. (b) Typical time course
curves of hydrogen yield with Zn/Cu2O@C as the photocatalyst for
five cycles with an interval of 10 h. (c) Yields of 4-methoxyphenol via
the oxidative hydroxylation of arylboronic acids over various
photocatalysts under irradiation of blue LED light. (d) UV−vis
spectra of Cu2O@C and Zn/Cu2O@C. (e) Photocurrent density
measurement and (f) electrochemical impedance spectroscopy
represented by the Nyquist plots of the various catalyst samples.
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