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Abstract
Black-colored ZnO nanowires have been prepared in a metal–organic chemical vapor deposition
system by employing a relatively low growth temperature and oxygen-deficient conditions.
X-ray photoelectron spectroscopy reveals the incorporation of carbon into the nanowires. The
photocatalytic hydrogen evolution activity of the black-colored ZnO nanowires is over 2.5 times
larger than that of the pristine ZnO nanowires under simulated solar illumination conditions, and
the enhanced photocatalytic activity can be attributed to the higher absorption of visible light by
the black color and better carrier separation at the ZnO/carbon interface.

Keywords: photocatalysis, hydrogen evolution, ZnO, black color

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to its abundance, low cost, and environmental friendli-
ness [1–3], ZnO has been considered as a promising candidate
for photocatalysis [4–7]. Many reports have demonstrated the
photocatalytic activity of ZnO and related materials [8–17].
Nevertheless, the absorption of ZnO is mainly located in the
ultraviolet (UV) region because of its wide bandgap (3.37 eV
at room temperature). Considering that less than 5% of the
solar energy exists in the UV region, a very small portion of
solar energy can be utilized by ZnO-based photocatalysts,
which hinders the realization of efficient photocatalysis of
ZnO under solar illumination conditions. Thus, to enhance the

photocatalytic activities of ZnO, utilizing the visible light
more effectively is essential. Different kinds of dopants have
been introduced into ZnO to increase the visible light
absorbance by modifying the bandgap of ZnO [17–27].
However, the incorporation of dopants usually deteriorates
the crystalline quality of ZnO, which is unfavourable to its
photocatalytic activity. Color-changing is the intuitive
expression of the enhanced absorption of visible light. If a
material is black in color, it means that this material can
absorb visible light. Black TiO2 has been prepared by heating
crystalline TiO2 nanocrystals in a high-pressure hydrogen
environment, and the black TiO2 nanoparticles showed much
higher photocatalytic activity in hydrogen evolution mea-
surement [28–30]. Recently, black ZnO powders with
enhanced visible light absorption and photocatalytic activity
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have also been demonstrated by the same group [31]. Com-
pared with the doping route, hydrogen treatment produces a
thin disorder layer at the surface of the ZnO nanoparticles,
which does not deteriorate the crystallinity of the ZnO core.
However, a relatively complex process is usually involved in
this approach: a high-pressure (20 bar), dangerous gas
(hydrogen), and elevated temperature (400 °C) are necessary
in the procedure, all of which hinder greatly the applicability
of this approach.

In this work, black-colored ZnO nanowires have been
achieved by employing a one-step metal–organic chemical
vapour deposition (MOCVD) growth route under relatively
low temperature and oxygen-deficient growth conditions.
X-ray photoelectron spectroscopy (XPS) reveals the incor-
poration of carbon into the ZnO, and transmission electron
microscopy (TEM) indicates the crystalline nature of the
nanowires. The photocatalytic activity of the black-colored
nanowires is 2.5 times higher than that of the pristine ZnO
nanowires under simulated solar irradiation conditions, which
can be attributed to the higher absorption of visible light and
better separation of electrons and holes at the ZnO/carbon
interface.

2. Experimental method

2.1. Synthetic procedures

The ZnO nanowires were prepared in a MOCVD apparatus
on a sapphire substrate. Such a technique is widely used for
the growth of ZnO. The precursors used for the growth were
diethylzinc and oxygen, and the carrier gas that leads the
precursors into the growth chamber was high-purity (9N)
nitrogen. Prior to the growth, the sapphire substrates were
treated at 800 °C under 10−4 Pa for 60 min to remove the
possible adsorbed contaminants on the substrate. Then the
substrate temperature was lowered to 550 °C and the flow rate
of O2 was kept at 30 sccm during the growth process. The
diethylzinc and oxygen reacted incompletely in this way, thus
some of the carbon in the diethylzinc was incorporated into
the ZnO. Pristine ZnO nanowires, which are white in color,
were also been prepared as a control sample. For the growth
of the pristine ZnO sample, the temperature was kept at
700 °C and the flow rate of O2 was kept at 60 sccm during the
growth process. The chamber pressure in both cases was fixed
at 3000 Pa.

2.2. Photocatalytic H2 evolution

To test the photocatalytic activity of the pristine and black-
colored ZnO nanowires, the samples were placed into a
methanol solution (120 ml, 25%) in a closed gas circulation
system (Perfect Light Company Labsolar-III (AG)). The
simulated solar and visible light irradiation were obtained
from a 300W Xe lamp (Perfect Light Company Solar-
edge700) without and with a UVIRCUT filter (Newport)
(400–800 nm), respectively. Methanol was used as a

sacrificial reagent. The amount of generated H2 was deter-
mined by online gas chromatography (SchimazuGC-2014c).

3. Results and discussion

3.1. Structural and optical properties

The morphology and structural characterizations of the pris-
tine ZnO samples are shown in figure 1. One can see from
figure 1(a) that nanowire-shaped structures were formed with
a length of about 600 nm. The TEM image of an individual
nanowire shown in the inset of figure 1(a) reveals that the
diameter of the nanowire tapers from the base to the top, and
the size at the base is around 30 nm, while that at the top is
less than 10 nm. The high-resolution TEM image of an
individual ZnO nanowire is shown in figure 1(b). Clear lattice
fringes can be observed, indicating the high crystalline quality
of the nanowires. The length between two adjacent lattice
fringes is around 0.26 nm, which corresponds to the d-spacing
of the (002) plane in hexagonal ZnO. From the lattice fringes,
one can also see that the nanowires were grown along the
[002] direction. The selected area electron diffraction (SAED)
pattern of the nanowires is shown in figure 1(c), and the clear
dotted pattern reveals the single crystalline nature of the
nanowires. The XRD pattern of the pristine ZnO nanowires is
shown in figure 1(d). Only two peaks at around 34.4°and
72.5° are visible from the pattern besides the diffraction from
the sapphire substrate, which can be indexed to the diffraction
from the (002) and (004) facet of wurtzite ZnO, respectively.

The morphology and structural properties of the carbon-
incorporated ZnO nanowires were also evaluated by SEM,
HRTEM, SAED and XRD, as shown in figures 2(a)–(d). It is
observed from figure 2(a) that the nanowires also show a
tapered shape with a similar size with the pristine nanowires.
Like the pristine nanowires, a high-resolution TEM image
shows clear lattice fringes and the SAED pattern shows clear
dotted patterns, revealing the high crystalline quality of this
kind of nanowire. Note that the (002) diffraction peak of the
carbon-incorporated ZnO is located at 34.3°, which is slightly
smaller than that of the pristine ZnO. We think the shift to a
smaller angle side indicates that carbon has been alloyed into
the lattice of ZnO.

The chemical states and composition of the pristine and
carbon-incorporated ZnO nanowires are shown in figure 3(a).
One can see that the patterns for the two samples are very
similar, and all the peaks can be ascribed to O, Zn and C. The
O1s peaks are located at about 530.2 eV and 531.8 eV, which
can be attributed to the binding energy of O in ZnO and
adsorbed oxygen, respectively. The C1s peak is located at
284.6 eV for the both samples; note that in both samples, the
C1s peak has a symmetrical Gaussian shape, which means
that the carbon exists in a single bonding state. In order to
identify the existence of carbon in the inner part of the
samples, the two samples were etched by argon ions for
5 min, and the XPS spectra of the etched samples are shown
in figures 3(b) and (c). It is evidenced that, for both samples,
there are strong C1s signals in the as-grown sample, but after
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the etching process, the intensity of the C1s signal decreases
greatly for the pristine ZnO nanowires, indicating that the
carbon in the pristine nanowires is mainly located at the
surface, and the origin of the carbon may be due to the
adsorption or contamination of carbon or organics. In con-
trast, for the carbon-incorporated ZnO sample, the C1s signal
decreases little after the etching process, and the atom ratio of

C1s is determined to be around 27.2% after etching, indi-
cating that there is still much carbon in the inner part of the
nanowires besides the adsorbed carbon on the sample surface.

Figure 1. (a) SEM image of the pristine ZnO nanowires; the inset
shows a TEM image of an individual nanowire. (b) HRTEM image,
(c) SAED pattern and (d) θ–2θ XRD pattern of the pristine ZnO
nanowires.

Figure 2. (a) SEM image of the carbon-incorporated ZnO nanowires;
the inset shows a typical TEM image of an individual nanowire. (b)
HRTEM image, (c) SAED pattern and (d) θ–2θ XRD pattern of the
carbon-incorporated ZnO nanowires.

Figure 3. (a) XPS survey spectrum of the pristine and carbon-
incorporated ZnO nanowires. (b) XPS spectra of C1s in the pristine
ZnO before and after a 5 min etching. (c) XPS spectra of C1s in the
carbon-incorporated ZnO before and after 5 min of etching.

Figure 4. (a) Photograph of the pristine and carbon-incorporated ZnO
sample. (b) Absorption spectra of the pristine and carbon-incorporated
ZnO nanowires. (c) Photocatalytic hydrogen evolution of the pristine
and carbon-incorporated ZnO nanowires under simulated solar light;
the inset is the spectrum of simulated solar light (Xe lamp). (d)
Irradiation-time dependence of H2 production for the pristine and
carbon-incorporated ZnO nanowires under visible light; the inset is the
spectrum of visible light (Xe lamp with a 400–800 nm UVIRCUT
filter). Note that the dots in (c) and (d) are experimental data, while the
dotted lines are linear fitting results to the experimental data.
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The photograph of the pristine and carbon-incorporated
ZnO nanowire sample is illustrated in figure 4(a). One can see
that the carbon-incorporated sample is black in color to the
naked eye, which is distinctively different from the milky
color of the pristine ZnO nanowires. This is the first report of
black-colored ZnO obtained by the common growth method
to the best of our knowledge. The absorption spectra of the
pristine and carbon-incorporated ZnO nanowires are shown in
figure 4(b). There is a strong absorption peak at around
370 nm for both samples, which corresponds to the near-
band-edge absorption of ZnO. An obvious absorption tail can
be observed in the visible region for the black-colored sam-
ple, while for the pristine sample the absorption in the visible
region is much weaker. The increased absorption in the
visible region may be of help in increasing the photocatalytic
activity of the sample under solar illumination conditions.

3.2. Photocatalytic activity

The photocatalytic activity of the carbon-incorporated black
ZnO nanowires was evaluated by measuring the H2 production
under simulated solar light and visible light irradiation, the
results of which are shown in figures 4(c) and (d). To measure
the hydrogen evolution, pristine and carbon-incorporated
samples of similar size were placed into an aqueous methanol
solution (120ml, 25%) in a closed gas circulation system. A
300W Xe lamp was used as the light source. The carbon-
incorporated sample produced 8.6 μmol H2 in three hours
(corresponding to 1847.9 μmol g−1 h−1) under the simulated
solar light, which is about 2.5 times that produced by the
pristine ZnO. To access the photocatalytic activity of the car-
bon-incorporated ZnO nanowires under the illumination of
visible light, the H2 production data were collected under the
illumination of a Xe lamp with a 400–800 nm UVIRCUT
filter, as shown in figure 4(d). One can see that the carbon-
incorporated sample produces 1.5 μmol H2 in three hours
(corresponding to 277.3 μmol g−1 h−1), which is about three
times that produced by the pristine ZnO sample under the same
irradiation conditions. The above results mean the improved
photocatalytic ability of the carbon-incorporated sample is
mainly caused by the enhanced photocatalytic performance in
the visible region. Table 1 presents a list of the reported
hydrogen production efficiencies of ZnO-based materials
under UV–visible radiation, and one can see that the hydrogen
production efficiency of 1847.9 μmol g−1 h−1 for the black-
colored ZnO nanowires in our case is amongst the best values
ever reported for the photocatalytic H2 production of ZnO-

based materials. Moreover, stability is always one of the major
issues for photocatalysis. We note that for the photocatalytic
hydrogen evolution study, the samples were tested for three
hours, as shown in figures 4(c) and (d). The hydrogen evol-
ution amount is linearly dependent on time in both cases
during the three-hour investigation, which indicates that the
ZnO/carbon sample is stable in the investigated time scale.

As for the enhancement mechanism of the hydrogen
production for the carbon-incorporated sample, it is specu-
lated that since the work function of carbon is lower than the
Fermi level of ZnO, a heterojunction will form at the interface
between ZnO and carbon, as illustrated in the inset of figure 5.
When the samples are irradiated by UV–visible light, some of
the photo-generated electrons in the ZnO will be transferred
to carbon because of its lower energy level, while the holes in
the ZnO will be sacrificed by the methanol solution. The
recombination of photo-induced electrons and holes can be
reduced in this way, thus the photocatalytic activity of the
ZnO/carbon samples can be improved compared with that of
the pristine ZnO. To confirm the carrier separation at the
ZnO/carbon interface, the PL spectra of the pristine ZnO
nanowires and carbon-incorporated nanowires under the
excitation of the 325 nm line of a He–Cd laser were mea-
sured, as displayed in figure 5. For both samples, the spectra
are dominated by an emission at around 375 nm, which can
be attributed to the near-band-edge emission of ZnO [37],
while the so-called deep level emission is almost negligible,
which indicates that the incorporation of carbon has not
induced deep levels within the bandgap of ZnO. Nevertheless,

Table 1. A list of reported hydrogen production data for ZnO-based materials under UV–visible radiation conditions.

Material Irradiation source Hydrogen production efficiency (μmol g−1 h−1) Reference

Black-colored ZnO/carbon nanowires 300 W Xe lamp 1847.9 Our result
Ce-doped ZnO/ZnS UV lamp 1200 [32]
ZnS/ZnO One sun irradiation 494.8 [33]
CdS/Au/ZnO — 600 [34]
MoS2/ZnO 300 W Xe lamp 768 [35]
Hydrogenated ZnO 300 W Xe lamp 122 500 [36]

Figure 5. The PL spectra of the pristine ZnO and ZnO/carbon
samples at 300 K; the inset is the schematic illustration of the carrier
separation at the ZnO/carbon interface.
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one can find from the PL spectra that, under the same exci-
tation conditions, the PL intensity of the pristine ZnO nano-
wires is much higher than that of the ZnO/carbon sample,
which may result from the diffusion of some electrons from
the conduction band of ZnO into the carbon. In addition, the
introduced carbon can enhance the absorption of the visible
light, which has been indicated in the absorption spectra
shown in figure 4(a). That is the reason why the black car-
bon/ZnO sample shows better photocatalytic performance
than the pristine one. The above data mean that, with the
introduction of carbon into ZnO, more solar energy can be
utilized, and the ZnO/carbon heterojunction helps the
separation of electrons and holes, and thus the H2 production
capability has been improved.

4. Conclusions

In summary, carbon-incorporated ZnO nanowires have been
synthesized via an MOCVD method, and the sample is black
in color, which is different from the milky color of the
common sample. The crystalline quality of the nanowires did
not deteriorate much with the introduction of carbon into the
ZnO. The absorption of the carbon-incorporated sample in the
visible region has been increased greatly. The photocatalytic
H2 production activity of the carbon-incorporated sample is
2.5 times higher than that of the pristine sample, and amongst
the best values ever reported for ZnO-based materials under
simulated solar irradiation conditions. The enhancement
mechanism can be attributed to the better separation of
electrons and holes and better utilization of visible light. The
results reported in this letter provide a common synthesis
method of black-colored ZnO, thus may provide a route to
high-performance ZnO photocatalysis.
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