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A B S T R A C T

Zinc oxide (ZnO), a wide direct band gap semiconductor, has attracted extensive attention for its potential
optoelectronic applications, such as coherent ultraviolet light emitters. Pure one-dimensional ZnO, structures
such as nanorods and nanowires, etc. inevitably have some crystal defects, which makes them to emit not only in
the ultraviolet region but also in the visible range. Photoluminescent ZnO‑carbon nanocomposites are an
emerging class of nanomaterials that has spurred a lot of interests due to its attractive optical properties. It has
been shown that these composite structures yield an enhanced ultraviolet to visible emission ratio due to im-
proved surface plasmon emission and a new defect emission mechanism. Hence, a novel one-dimensional
structure of ZnO and carbon nanofibers composite material has been designed and prepared. The scaly ZnO is
completely coated with carbon nanofibers. This new composite structure has strong ultraviolet emission pho-
toluminescence characteristics in combination with low visible emission.

1. Introduction

Zinc oxide (ZnO) is a wide direct band gap semiconductor
(Eg= 3.37 eV), featuring a large exciton binding energy (60meV), and
a high electromechanical coupling constant [1]. In normal conditions of
pressure and temperature, it crystallizes to the wurtzite hexagonal
structure with space group (P63mc) [2]. ZnO has been applied for gas
sensors, ultraviolet (UV) light emitters, UV laser source, luminescent
screens, etc. [3]. Several techniques, such as magnetron sputtering, sol-
gel, pulsed laser deposition (PLD), molecular beam epitaxy (MBE) and
metal-organic chemical vapor deposition (MOCVD) are used for the
fabrication of ZnO films [4–6]. Among the abovementioned methods,
magnetron sputtering is a more effective and safe method. The photo-
luminescence (PL) performances of ZnO nanostructures have been
exploited successfully by the luminescent device industry. ZnO exhibits
two types of emission: UV and visible emission due to band-to-band
emission (BBE) and deep level defects (DLE), respectively. In general,
ZnO has six kinds of defects, such as O vacancy (VO), O interstitials (Oi),
O antisite (ZnO), Zn vacancy (VZn), Zn interstitials (Zni), Zn antisite
(OZn). In addition, PL performances of ZnO are strongly influenced by

surface effects in low-dimensional nanostructures due to their large
surface-to-volume ratio. C. Chen et al. have studied the surface passi-
vation effect on the PL properties of ZnO nanorods [7]. Y. Lv et al. have
studied the PL properties of ZnO nanowire arrays [8].

Growing ZnO films by sputtering method has some advantages
when compared to other methods, as it allows accuracy control of the
deposition parameters such as deposition rate, substrate temperature
(TS), working pressure. This technique is the relative simplicity and low
cost when compared to sophisticated techniques such as PLD, MBE and
MOCVD [9]. Photoluminescent ZnO‑carbon nanocomposites are an
emerging class of nanomaterials that has evoked numerous interests
due to their distinctive optical properties [10]. It has been shown that
these composite structures harvest an enhanced UV-to-visible emission
ratio owing to improved surface-plasmon-meditated emission and a
new defect emission mechanism. For instance, J. Zhang et al. have in-
vestigated the influence of ZnO nanowires on the interfacial micro-
mechanical behavior of carbon fiber: carbon fibers were modified by
adding ZnO nanowires to the surface [11]. B. Pant et al. have reported
an electrochemical investigation of carbon nanofibers (CNFs) wrapped
with ZnO nano-flakes for use in supercapacitors [12]. In most studies on
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ZnO and CNFs composites, the electrospinning method is used to pre-
pare CNFs: e.g. H. Ning et al. have studied the electrospinning ZnO/
CNFs as anode for Li-ion batteries [13]; J. Mu et al. have studied the
high photocatalytic activity of ZnO-CNFs composites prepared by
electrospinning method [14]. Based on similar studies [15–18], it was
found that ZnO clusters or particles adhere to the surface of CNFs,
which prepared by electrospinning method.

For the ZnO@CNFs samples prepared in this study, the chemical
vapor deposition (CVD) process was utilized to grow high-graphitiza-
tion CNFs with a diameter of less than 100 nm. The ZnO completely
coated the surface of CNFs by heating and rotating the substrate during
radio frequency (RF) magnetron sputtering, and the ZnO on CNFs was

distributed in the form of scales with fewer defects and higher crys-
tallinity after natural cooling. To the best of our knowledge, no study
has yet been reported on the synthesis of CNFs coated with scale-like
ZnO and the investigation of the PL properties of this novel composite
nanostructure. Due to excellent coverage of scaly ZnO on the surface of
CNFs, we can consider it as a 1D ZnO structure. The preparation and
characterization of scaly ZnO@CNFs will be reported. Through testing
and comparison, it has found that this novel nanostructure has a strong
UV luminescence characteristics and low visible emission.

Fig. 1. (a) The XRD spectrum and SEM images of Cu/SiO2 substrate, (b) CNFs, (c) ZnO@CNFs.
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2. Experimental work

2.1. Preparation of CNFs

The CNFs were prepared by CVD and the catalyst is a layer of Cu
atoms deposited by RF magnetron sputtering on the surface of a SiO2/Si
substrate. A Cu target (99.99%) was used and the sputtering parameters
of the Cu layer were as follows: RF power 150W, sputtering time
120min, TS 400 °C and sputtering pressure 1 Pa, respectively. A back-
ground pressure of about 10−4 Pa was used before the sputtering pro-
cess. The CNFs are synthesized on the Cu layer by CVD. The TS was
increased to 1000 °C in an Ar atmosphere with the gas flow set at 600
sccm. The Ar flow was adjusted to 1000 sccm when the TS was kept
stable at 1000 °C. The deposition time was 10min and the gas flow of
CH4 and H2 was 10 sccm and 100 sccm, respectively.

2.2. Preparation of scaly ZnO@CNFs

Scaly ZnO was deposited on the surface of CNFs by RF magnetron
sputtering. A 99.999% ZnO target with a 60mm diameter was used.
The distance between target and substrate was 80mm. Deposition was
carried out at a working pressure of 0.5 Pa after pre-sputtering with Ar
during 10min. RF power and TS were maintained at 200W and 400 °C,
respectively during the sputtering. The gas flow rate of Ar and O2 was
35 and 5 sccm, respectively. Substrate rotation was set to two revolu-
tions per minute during the sputtering process and the whole process of
sputtering deposition lasted 75min. Natural cooling was adopted and
the Ar and O2 were always connected in the cooling process.

2.3. Characterization

Material phase analyses of samples were characterized by X-ray
diffraction (XRD, Shimadzu 6100). Laser Raman spectrometer was used
to characterize the graphitization of CNFs (Renishaw inVia, 514 nm,
green laser). A high resolution (HR) scanning electron microscope

(HRSEM, ZEISS SIGMA 300) was used to observe the HR morphology
images. In addition, we have used a SEM and an energy disperse
spectrophotometry (SEM-EDS, Phenom ProX) to observe the mor-
phology and atomic percentage (Eat%) of CNFs and ZnO@CNFs. A
fluorescence spectrophotometer (HORIBA Fluoro Max-4p) was utilized
to test and analyze the PL properties of all samples. Since the crystal
quality, defect and surface roughness of ZnO crystal can affect the PL
spectrum, the structure of the composite material can be studied from
the emission spectrum of samples. An X-ray photoelectron spectroscopy
(XPS) was used to test the surface analysis of ZnO@CNFs samples and
surface atomic percentage (Xat%).

3. Result and discussion

3.1. Quantitative analysis of scaly ZnO@CNFs structure

The XRD spectrum and SEM images of the Cu layer on the SiO2/Si
substrate is shown in Fig. 1a. The position of diffraction peaks of Cu in
XRD curve are at 43.3°, 50.43° and 74.13° respectively, whereas the
diffraction peak of Si atoms is located at 44.83°. The surface state of Cu
layer is an island structure and the distribution of islands was relatively
uniform. As shown in Fig. 1b, the CNFs were deposited on the Cu layer
by CVD. The diffraction peaks of C (002) are also found in the XRD
curve of Fig. 1b, whereas the diffraction peaks of carbon-based allo-
tropes - such as graphite, few-layer graphene, CNT/CNF, etc. are all
between 10° and 30° in the XRD graph. It can be seen from the SEM
image of Fig. 1b that the morphology of carbon atoms after deposition
is one-dimensional. This can indicate that the prepared sample is CNF
or CNT like. In the CVD process, Cu atoms on the substrate surface can
effectively catalyze the carbon source gas, and then the carbon atoms
are deposited on the substrate surface and crystallize. The primary
difference between CNFs and CNTs is the cone angle between the gra-
phite basal planes and the tube axis (θ=0°for CNTs; θ≠ 0°for CNFs)
[19]. Raman spectroscopy [20] is a very effective, fast and lossless
method to characterize CNTs and CNFs, and all other carbon allotropes.

Fig. 2. (a)–(c) The HRSEM images of CNFs on the SiO2/Si substrate. (d) The Raman spectrum of CNFs.
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For example, the Raman spectrum of CNT is very similar to that of
highly oriented pyrolytic graphite, and the main Raman diffraction
characteristic peak (G band) of CNT is around 1580 cm−1 [21]. Fig. 2d
shows the Raman spectrum of the sample in this research, exhibiting
two peaks at 1357 cm−1 (D band) and 1591 cm−1 (G band), respec-
tively. Yu Wang et al. have investigated the Raman spectrum of CNFs in
2003 [22]. Through comparison and analysis, it can be preliminarily
determined that the product on the substrate is CNFs. As shown in
Fig. 2d, the obtained ID/IG value here is 0.7, which indicates a high
graphitization degree of CNFs. Fig. 1c shows the XRD spectrum and
SEM image of scaly ZnO@CNFs structure. By comparing the standard
PDF card (JCPDS, No.36-1451) of ZnO (hexagonal wurtzite crystal
type), it shows that the diffraction peaks at (100), (002), (101), (110)
and (103) are found to be of good orientation. As shown in Fig. 2a–c,
dense CNFs were fabricated on the surface of SiO2/Si substrate. It can
be seen from the HRSEM image that the average diameter of CNFs is
less than 100 nm. Fig. 3a shows the EDS spectra and Eat% of CNFs
sample. The Eat% of Cu, C and O on the surface of sample was 0.2%,
30.6% and 65.7% respectively. The element mapping of Si, Cu, C and O
on the sample surface are shown in Fig. 3b–e.

It can be seen from Fig. 4 that the surface of CNFs is excellently
covered with ZnO. Heating and rotating the substrate is vitally im-
portant in the ZnO sputtering process. Through systematic experiments,
we found that the rotation of substrate during sputtering process is
essential to enable ZnO to cover the surface of CNFs uniformly. The Ar
and O2 remained flowing after the sputtering was completed until the
TS dropped from 400 °C to 50 °C. The cooling process is equivalent to an
annealing process, which has a huge impact on the crystallization of
ZnO. This process can effectively reduce the defects of ZnO on the
surface of CNFs. Meanwhile, the RF power, air pressure and the flow
ratio of Ar and O have a significant impact on the crystal quality, de-
position rate, morphology and sputtering yield of ZnO growth as well.
Fig. 5a–b shows the EDS spectra and Eat% of ZnO@CNFs sample and
Mapping of ZnO@CNFs. As shown in Fig. 5a, the Eat% of Cu is 0, and
the Eat% of O and Zn are 44.6% and 46.4%, respectively. In general, Zn
atoms are more likely to be sputtered than O atoms. Therefore, during
the pure Ar atmosphere sputtering process, deposition of ZnO is prone
to the generation of O vacancies and other defects. In the next section,
we will analyze the methods that control the ratio of Zn to O atoms.

XPS was used for further analysis of scale-like ZnO on the surface of
CNFs. According to literature, XPS allows a qualitative, quantitative as
well as surface analysis [23]. Fig. 6 shows the XPS characterization of
ZnO@CNFs sample. Fig. 6a shows the Full spectrum of ZnO@CNFs, it
can first determine that the surface contains C, O, Zn from the peak of
binding energy of C1s, O1s and Zn2p. Fig. 6b displays the Zn2p

spectrum, showing the binding energy peaks of Zn 2p 3/2 and Zn 2p 1/
2 at 1021.37 and 1044.46 eV, respectively Fig. 6c shows the binding
energy spectrum of O1s. Two peaks are achieved by Gaussian fitting in
this part of the spectrum. The peaks are located at 529.8 and 537.1 eV,
respectively, and can be attributed to the ZneO bond inside the ZnO
crystal and O2 or oxygen impurities absorbed on the sample surface,
respectively. Fig. 6d shows the binding energy spectrum of C1s. Four
peaks are achieved by Gaussian fitting. The peaks are located at 283.3,
284.7, 285.5 and 288.4 eV, respectively and can be ascribed to the
existence of CeZn, CeC, CeO and C]O bonds. Among them, the CeZn
bond links to the interface between CNFs and ZnO, the CeC bond comes
from the CNFs crystal, the CeO and C]O bond are associated to the
interface between CNFs and ZnO and surface absorption of ZnO@CNFs.
Meanwhile, Fig. 6a shows the Xat% of ZnO@CNFs sample. In the next
section, we will make a specific analysis combining the EDS result in
Fig. 5 with the PL results.

3.2. Result analysis and photoluminescence properties of scaly ZnO@CNFs

For comparison, ZnO was deposited on the surface of SiO2/Si sub-
strate and CNFs by means of the same sputtering process. Fig. 7a–b
shows the XRD curve and SEM-EDS image with Eat% of ZnO film,
which is directly sputtered on the SiO2 surface. By comparing the XRD
curves in Figs. 7a and 1c. There is multiple of diffraction peaks in
Fig. 1c, which clearly indicates that the surface state of ZnO on CNFs is
polycrystalline. To improve the crystal quality of ZnO in the growth
process, O2 was injected into the sputtering chamber. Through sys-
tematic experiments, we found that when the flow ratio of O2 is small,
there are not enough O atoms to combine with the Zn atoms during the
sputtering stage, which results in more O vacancies and poor crystal
quality. Conversely, when the O2 content is too high during sputtering,
the O2 density in the chamber will increase, thus hindering the mi-
gration of Zn and O atoms emitted by sputtering, so that the sputtered
atoms don't have enough energy to arrive to their lattice positions.
Meanwhile, the O2– ions in the plasma have a strong bombardment
effect on ZnO crystals, which induces a reduced crystal quality of ZnO.
Through systematic experiments, the flow of Ar and O2 was set at 35
sccm and 5 sccm, respectively. The Eat% in Fig. 7b shows that the
difference of the ratio of O and Zn atoms is 16.9%, and the Eat% of Si
atoms on the surface of ZnO/SiO2 sample is only 1.9%. This indicates
that the ZnO coverage is excellent for this process, which also means
that the O atom concentration contained in the SiO2 substrate should be
about 3.8%. Therefore, the Eat% of O in ZnO film is about 36.8%. Our
ideal goal is to improve the luminescence of the sample in the UV re-
gion and inhibit its luminescence in the visible region. The PL spectra of

Fig. 3. (a) The EDS spectra and Eat% of CNFs sample. (b) Map: Silicon (resolution: 64×64 pixels). (c) Map: Copper. (d) Map: Carbon. (e) Map: Oxygen.
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the ZnO/SiO2 sample and ZnO@CNFs sample in the wavelength range
of 300–800 nm are shown in Fig. 8a–b.

Photoluminescence (PL) is a technique, which can provide insights
into the defect levels, and the ratio IUV/IDL is a measure of defect states
in ZnO material [24]. As mentioned above, ZnO exhibits two type of
emission: UV emission and visible emission. ZnO usually has six kind of
defects, such as VO, Oi, ZnO, VZn, Zni, OZn [25]. It is widely accepted
that UV emissions in the 370–385 nm range are attributed to the re-
combination of free excitons in ZnO [26]. The visible emission spec-
trum mainly includes blue and green emission, but also includes red
and yellow emission. X.Q. Wei et al. [27] reported that the mechanism
of blue emission (420–460 nm) should dominantly drive from Zni. Most
researchers think that the green emission (490–530 nm) can be attrib-
uted to the transition related with single ionized VO [28]. The yellow
emission is caused by double ionized VO [29], and the red emission
from Oi defects [30]. The PL spectrum of sample in Fig. 8a was

measured with an excitation wavelength of 325 nm, which displays the
UV emission peak at 367 nm, the broad blue emissions at 416 nm and
the broad green emissions at 468 nm, respectively. As shown in Fig. 7b,
the Eat% of Zn on the surface of ZnO/SiO2 sample is 57.5%, and that of
O is 36.8% after calculation. Hence, the content of O atoms in ZnO film
is smaller than that of Zn atoms on the surface of this sample. Hence,
the probability of the occurrence of VO, ZnO and Zni defects in the ZnO
thin film is higher than that of other defects, leading to an emission in
the visible region as shown in Fig. 8a. These defects also inhibit UV
emission.

We cannot directly calculate the Eat% of Zn and O of ZnO, which
coated the surface of CNFs from Fig. 5a as a fraction of the ZnO was
directly deposited on the surface of the SiO2 substrate. The intensity of
UV luminescence peak of ZnO@CNFs sample in Fig. 8b is significantly
higher than that of the ZnO/SiO2 sample in Fig. 8a. Through systematic
experimental analysis, the UV emission of ZnO@CNFs could be

Fig. 4. (a)–(d) The HRSEM image of ZnO@CNFs with different plotting scale.

Fig. 5. (a) The EDS spectra and Eat% of ZnO@CNFs sample. (b) Map: ZnO@CNFs.
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maximized under the process conditions described in this paper. As
noted above, the ratio IUV/IDL is a measure of the number of defect
states in the ZnO material. The IUV/IDL in Fig. 8a is 2.23 whereas in
Fig. 8b is 12.53. This result shows that the ZnO growth on the surface of

CNFs sample features a higher crystallinity than that of ZnO directly
grown on the SiO2 surface under the same sputtering conditions.

For this comparison, we are not attempting to prove that the crys-
tallization quality of ZnO grown on the surface of CNFs by magnetron

Fig. 6. (a) XPS full spectrum of ZnO@CNFs sample. (b) Spectrum of Zn2p3. (c) Spectrum of O1s. (d) Spectrum of C1s.

Fig. 7. (a) The XRD curve of ZnO film directly deposited on the SiO2 substrate. (b) The SEM-EDS image and Eat% of ZnO film.
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sputtering is higher than that on the surface of SiO2. It has been found
from previous studies that a high-quality ZnO film can be grown on the
surface of a SiO2 under a normal temperature process. We inferred that
in this experiment, the adsorption of O atoms on the SiO2 surface may
be affected by factors such as excessive substrate rotation, resulting in a
large amount of Zn atoms on the surface of the substrate cannot being
combined with O atoms. The PL results in Fig. 8a are only used as
comparative examples. According to literature, there are extensive
suspended bonds existing on the surface of CNFs grown in the gas phase
(CVD), which leads to interfacial polarization. Moreover, CNFs have a
high specific surface area and can cause multiple scattering, which
makes CNFs have microwave absorption properties [31,32]. These
dangling bonds on CNFs surface makes it easier to capture sputtered Zn
atoms, O atoms and ZnO molecules. Therefore, the probability of the
occurrence of defects in ZnO@CNFs is relatively smaller than in ZnO/
SiO2, and hence the UV emission of ZnO@CNFs is better than that of the
ZnO/SiO2. As mentioned above, Zn atoms are more likely to be sput-
tered than O atoms. In the pure Ar atmosphere sputtering process, de-
position of ZnO is prone to VO and other defects. The result of Eat% in
Fig. 7b and the PL result in Fig. 8a also demonstrate this. As shown in
Fig. 6a, the Xat% of O1s, C1s and Zn2p is 17.25%, 76.62% and 6.12%,
respectively. XPS can accurately analyze the material surface [33], in-
cluding composition and valence state analysis. Similar to CNFs, when
ZnO@CNFs are in contact with air, the surface will inevitably absorb
oxygen impurities. The binding energy spectrum of O1s in Fig. 6c can
effectively prove this. Hence, the Xat% of O1s is larger than Xat% of
Zn2p.

However, the result in Fig. 5a shows the Eat% of Si, O and Zn is 9%,
44.6%, 46.4%. Because XPS and EDS have different testing mechan-
isms, the result of Xat% and Eat% obtained by testing the same sample
are also different [34]. As is well-known, XPS analysis yields compo-
sition information by irradiating the sample surface with X-rays and
measuring the energy of surface excited electrons, and the detection
depth is only several atomic layers. EDS works by irradiating the sample
surface with an electron beam and detecting the excited X-ray char-
acteristics to obtain the composition information [35]. Unlike XPS, EDS
characterization is a bulk analysis method with a detection depth of
micron level [36]. The results of the Eat% in Fig. 5a can also fully prove
that the test depth of EDS has reached the surface of Si substrate. Al-
though the Eat% of O and Zn in Fig. 5a are very close, we cannot di-
rectly estimate the components of Zn and O growing on the surface of
CNFs. The surface of the ZnO@CNFs sample is not as smooth as that of
the thin film material, and the dense interlacing of the fibers results in
anisotropy of the XPS test results. The result of Xat% shows that the
surface of this fiber structure has a unique adsorption effect on gas
molecules, and the surface of CNFs can effectively absorb O atoms to

bond with Zn atoms during sputtering. As mentioned above, the surface
of CNFs prepared by CVD method is not smooth, and the high surface
roughness of the CNFs is conducive to bond with other matrix mate-
rials. This is also why the scale-like ZnO has a good coverage and crystal
quality. The UV band of PL spectrum in Fig. 8b can strongly support this
inference. In the meantime, lattice matching plays a decisive role in the
crystallization quality of composites [37]. The results show that carbon
fiber as a carrier is beneficial to improve the crystal quality of ZnO.
Although, we can still find the weak visible emission in the PL spectral
line of CNF@ZnO sample in Fig. 8b. Through the above analysis, it can
be concluded that ZnO@CNFs samples feature an excellent UV emis-
sion.

4. Conclusions

The basic structural unit of CNFs is a graphite microcrystal, ex-
hibiting a conductivity level comparable to that of graphite. Electrons,
photo-generated in the wide band gap ZnO will be introduced into CNFs
when ZnO is combined with CNFs. CNFs do not only feature high
conductivity and large specific surface area, but also have a large
number of dangling bonds when prepared by the vapor growth method,
which triggers the ZnO growth on the surface of CNFs and form scales.
It can be concluded from the analysis: the ZnO can cover the surface of
CNFs comprehensively and uniformly; this novel one-dimensional
structure of ZnO and CNFs composite material has a very excellent UV
photoluminescence property. The manufacturing technology is stable
and easy to realize and this novel composite materials can be used to
develop future UV laser sources, UV emission lamps, etc.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (Grants 61306009 and 61405159), the Key
Program for International Science and Technology Cooperation Projects
of Shaanxi Province (2018KWZ-08), the Natural Science Foundation of
Shaanxi Province (Grants 2017JM5135, and 2018JM6046), the author
at the first position also acknowledge the financial support from the
program of China Scholarship Council (CSC) No. 201806970022. The
authors of Vrije Universiteit Brussel (VUB) acknowledge the funding by
the SRP-project M3D2, and the ETRO-IOF 242 project.

References

[1] C. Sheng, W. Guoping, Z. Weihang, L. Yuqing, C. Leonid, Z. Jianze, K. Jieying,
L. Lin, R. Jingjian, L. Jianlin, Electrically pumped waveguide lasing from ZnO na-
nowires, Nat. Nanotechnol. 6 (2011) 506.

[2] Z.R. Tian, J.A. Voigt, L. Jun, M.K. Bonnie, M.J. Mcdermott, M.A. Rodriguez,

Fig. 8. Room temperature PL spectra of ZnO samples. (a) ZnO film prepared by RF-sputtering on SiO2/Si substrate. (b) Scaly ZnO sputtered on the surface of CNFs.

C. Chen, et al. Applied Surface Science 491 (2019) 75–82

81

http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0005
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0005
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0005
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0010


K. Hiromi, X. Huifang, Complex and oriented ZnO nanostructures, Nat. Mater. 2
(2003) 821.

[3] A. Kołodziejczak-Radzimska, T. Jesionowski, Zinc oxide-from synthesis to applica-
tion: a review, Materials 7 (2014) 2833.

[4] H. Makino, H. Shimizu, Influence of crystallographic polarity on the opto-electrical
properties of polycrystalline ZnO thin films deposited by magnetron sputtering,
Appl. Surf. Sci. 439 (2018) 839–844.

[5] B. Manikandan, T. Endo, S. Kaneko, K.R. Murali, R. John, Properties of sol gel
synthesized ZnO nanoparticles, J. Mater. Sci. Mater. Electron. (2018) 1–12.

[6] A. Hassanpour, P. Guo, S. Shen, P. Bianucci, The effect of cation doping on mor-
phology, optical and structural properties of highly oriented wurtzite ZnO nanorod-
arrays grown by a hydrothermal method, Nanotechnology 28 (2017).

[7] C. Chen, H. He, Y. Lu, K. Wu, Z. Ye, Surface passivation effect on the photo-
luminescence of ZnO nanorods, ACS Appl. Mater. Interfaces 5 (2013) 6354–6359.

[8] Z. Zhang, Y. Lv, J. Yan, D. Hui, J. Yun, C. Zhai, Z. Wu, Uniform ZnO nanowire
arrays: hydrothermal synthesis, formation mechanism and field emission perfor-
mance, J. Alloys Compd. 650 (2015) 374–380.

[9] X. Dai, L. Wang, J. Xu, Y. Wang, A. Zhou, J. Li, Improved electrochemical perfor-
mance of LiCoOâ electrodes with ZnO coating by radio frequency magnetron
sputtering, ACS Appl. Mater. Interfaces 6 (2014) 15853–15859.

[10] P. Rauwel, M. Salumaa, A. Aasna, A. Galeckas, E. Rauwel, A review of the synthesis
and photoluminescence properties of hybrid ZnO and carbon nanomaterials, J.
Nanomater. 2016 (2016) 19.

[11] J. Zhang, D. Yi, B. Wang, Investigating the influence of ZnO nanowires on the in-
terfacial micro-mechanical behavior of carbon fiber/epoxy microdroplet structures
using micro-Raman spectroscopy, J. Mater. Sci. 52 (2017) 3992–4001.

[12] B. Pant, M. Park, G.P. Ojha, J. Park, Y.S. Kuk, E.J. Lee, H.Y. Kim, S.J. Park, Carbon
nanofibers wrapped with zinc oxide nano-flakes as promising electrode material for
supercapacitors, J. Colloid Interface Sci. 522 (2018) S0021979718303059.

[13] H. Ning, H. Xie, Q. Zhao, J. Liu, W. Tian, Y. Wang, M. Wu, Electrospinning ZnO/
carbon nanofiber as binder-free and self-supported anode for Li-ion batteries, J.
Alloys Compd. 722 (2017) 716–720.

[14] J. Mu, C. Shao, Z. Guo, Z. Zhang, M. Zhang, P. Zhang, B. Chen, Y. Liu, High pho-
tocatalytic activity of ZnO-carbon nanofiber heteroarchitectures, ACS Appl. Mater.
Interfaces 3 (2011) 590.

[15] H.K. Chang, B.H. Kim, Zinc oxide/activated carbon nanofiber composites for high-
performance supercapacitor electrodes, J. Power Sources 274 (2015) 512–520.

[16] G.R. Dillip, A.N. Banerjee, V.C. Anitha, S.W. Joo, B.K. Min, S.Y. Sawant, M.H. Cho,
Anchoring mechanism of ZnO nanoparticles on graphitic carbon nanofiber surfaces
through a modified co-precipitation method to improve interfacial contact and
photocatalytic performance, ChemPhysChem 16 (2015) 3214–3232.

[17] F.U. Shawei, J. Zhang, L.U. Shen, H. Tao, One-dimensional ZnO/CNFs hierarchical
heterostructures with enhanced photocatalytic activity, Nano 9 (2014) 69.

[18] S. Shi, X. Zhuang, B. Cheng, X. Wang, Solution blowing of ZnO nanoflake-en-
capsulated carbon nanofibers as electrodes for supercapacitors, J. Mater. Chem. A 1
(2013) 13779.

[19] Z.B. He, J.L. Maurice, C.S. Lee, A. Gohier, D. Pribat, P. Legagneux, C.S. Cojocaru,
Etchant-induced shaping of nanoparticle catalysts during chemical vapour growth
of carbon nanofibres, Carbon 49 (2011) 435–444.

[20] M.S. Dresselhaus, A. Jorio, R. Saito, Characterizing graphene, graphite, and carbon

nanotubes by Raman spectroscopy, Condens. Matter Phys. 1 (2010) 89–108.
[21] S. Suzuki, H. Hibino, Characterization of doped single-wall carbon nanotubes by

Raman spectroscopy, Carbon 49 (2011) 2264–2272.
[22] Y. Wang, S. Serrano, J.J. Santiago-Avilés, Raman characterization of carbon na-

nofibers prepared using electrospinning, Synth. Met. 138 (2003) 423–427.
[23] Y. Zhang, S.-J. Park, Formation of hollow MoO3/SnS2 heterostructured nanotubes

for efficient light-driven hydrogen peroxide production, J. Mater. Chem. A 6 (2018)
20304–20312.

[24] O. Lupan, T. Pauporté, L. Chow, B. Viana, F. Pellé, L.K. Ono, B. Roldan Cuenya,
H. Heinrich, Effects of annealing on properties of ZnO thin films prepared by
electrochemical deposition in chloride medium, Appl. Surf. Sci. 256 (2010)
1895–1907.

[25] K. Vanheusden, W.L. Warren, C.H. Seager, D.R. Tallant, J.A. Voigt, B.E. Gnade,
Mechanisms behind green photoluminescence in ZnO phosphor powders, J. Appl.
Phys. 79 (1996) 7983–7990.

[26] X.U. Linhua, G. Zheng, M. Lai, S. Pei, Annealing impact on the structural and
photoluminescence properties of ZnO thin films on Ag substrates, J. Alloys Compd.
583 (2014) 560–565.

[27] X.Q. Wei, Z.G. Zhang, M. Liu, C.S. Chen, G. Sun, C.S. Xue, H.Z. Zhuang, B.Y. Man,
Annealing effect on the microstructure and photoluminescence of ZnO thin films,
Mater. Chem. Phys. 101 (2007) 285–290.

[28] K. Vinod, K. Vijay, S. Som, A. Yousif, S. Neetu, O.M. Ntwaeaborwa, K. Avinashi,
H.C. Swart, Effect of annealing on the structural, morphological and photo-
luminescence properties of ZnO thin films prepared by spin coating, J. Colloid
Interface Sci. 428 (2014) 8–15.

[29] W. Liu, W. Li, Z. Hu, T. Zheng, X. Tang, Effect of oxygen defects on ferromagnetic of
undoped ZnO, J. Appl. Phys. 110 (2011) 123911–123911-123916.

[30] C. Tsakonas, W. Cranton, F. Li, K. Abusabee, A. Flewitt, D. Koutsogeorgis,
R. Ranson, Intrinsic photoluminescence from low temperature deposited zinc oxide
thin films as a function of laser and thermal annealing, J. Phys. D Appl. Phys. 46
(95309) (2013) 95305–95313.

[31] G.G. Tibbetts, M.L. Lake, K.L. Strong, B.P. Rice, A review of the fabrication and
properties of vapor-grown carbon nanofiber/polymer composites, Compos. Sci.
Technol. 67 (2007) 1709–1718.

[32] J. Xiang, J. Li, X. Zhang, Q. Ye, J. Xu, X. Shen, Magnetic carbon nanofibers con-
taining uniformly dispersed Fe/Co/Ni nanoparticles as stable and high-performance
electromagnetic wave absorbers, J. Mater. Chem. A 2 (2014) 16905–16914.

[33] X. Wang, J. He, B. Zhou, Y. Zhang, J. Wu, R. Hu, L. Liu, J. Song, J. Qu, Bandgap-
tunable preparation of smooth and large two-dimensional antimonene, Angew.
Chem. Int. Ed. (2018) 57.

[34] Y. Zhang, S.-J. Park, Stabilization of dispersed CuPd bimetallic alloy nanoparticles
on ZIF-8 for photoreduction of Cr(VI) in aqueous solution, Chem. Eng. J. 369 (2019)
353–362.

[35] X. Wang, J. Song, J. Qu, Antimonene: from experimental preparation to practical
application, Angew. Chem. Int. Ed. 58 (2019) 1574–1584.

[36] Z. Wang, C. Li, K. Domen, Recent developments in heterogeneous photocatalysts for
solar-driven overall water splitting, Chem. Soc. Rev. 48 (2019) 2109–2125.

[37] Z. Wang, Y. Inoue, T. Hisatomi, R. Ishikawa, Q. Wang, T. Takata, S. Chen,
N. Shibata, Y. Ikuhara, K. Domen, Overall water splitting by Ta3N5 nanorod single
crystals grown on the edges of KTaO3 particles, Nat. Catal. 1 (2018) 756–763.

C. Chen, et al. Applied Surface Science 491 (2019) 75–82

82

http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0010
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0010
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0015
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0015
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0020
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0020
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0020
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0025
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0025
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0030
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0030
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0030
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0035
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0035
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0040
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0040
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0040
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0045
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0045
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0045
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0050
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0050
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0050
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0055
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0055
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0055
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0060
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0060
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0060
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0065
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0065
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0065
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0070
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0070
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0070
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0075
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0075
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0080
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0080
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0080
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0080
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0085
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0085
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0090
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0090
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0090
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0095
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0095
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0095
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0100
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0100
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0105
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0105
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0110
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0110
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0115
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0115
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0115
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0120
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0120
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0120
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0120
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0125
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0125
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0125
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0130
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0130
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0130
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0135
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0135
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0135
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0140
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0140
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0140
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0140
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0145
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0145
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0150
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0150
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0150
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0150
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0155
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0155
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0155
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0160
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0160
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0160
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0165
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0165
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0165
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0170
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0170
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0170
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0175
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0175
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0180
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0180
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0185
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0185
http://refhub.elsevier.com/S0169-4332(19)31821-5/rf0185

	Growth mechanism of novel scaly CNFs@ZnO nanofibers structure and its photoluminescence property
	Introduction
	Experimental work
	Preparation of CNFs
	Preparation of scaly ZnO@CNFs
	Characterization

	Result and discussion
	Quantitative analysis of scaly ZnO@CNFs structure
	Result analysis and photoluminescence properties of scaly ZnO@CNFs

	Conclusions
	Acknowledgements
	References




