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Arrays of hybrid single/poly-crystalline ZnO nanoawls (HSP-ZNAs) composed of single-crystalline
ZnO nanorod (ZNR) holders and poly-crystalline nanoneedles were for the first time fabricated via a
facile two-step synthesis strategy that was based on firstly an aqueous electrodeposition and secondly
an aqueous chemical growth (ACG). The two-step synthesis strategy not only can ensure reliable
electrical contact between the ZNR holders and the substrates, but also can afford control over the
crystal structure and aspect ratio of the nanoneedles. The as-grown HSP-ZNA arrays exhibited
markedly enhanced field emission (FE) current at lower electric fields compared with the whole
single-crystalline ZNA arrays or ZNR arrays without nanoneedles. The improvement could be
attributed to more emission sites from the tips of poly-crystalline nanoneedles of the HSP-ZNAs. Our
results demonstrate the HSP-ZNA arrays one of the promising candidates for FE devices, and also
provide a new paradigm for synthesizing novel hybrid single/poly-crystalline nanostructures that
could find many potential applications in electronics and optoelectronics.

1. Introduction

Arrays of one-dimensional (1D) nanostructures with high aspect
ratios, including CNTs,"? W nanowires,” SiC nanowires,* ZnO
nanorods,” MoO; nanobelts,® AIN nanotubes,” and SnO,
nanorods,® are considered to be promising field emitters that
can emit electrons at low electric fields. Among these, ZnO-based
1D nanostructures have attracted much attention and are
appropriate alternatives to CNTs for field-emission (FE) devices
due to their high mechanical strength, thermal stability,
oxidation resistibility, negative electron affinity, and ideal
geometry of high aspect ratio.” It is demonstrated that electrons
are more easily emitted from ZnO nanostructures with sharp tips
or surface perturbations than from nanowires with uniform
diameter.'® Therefore, much effort has been devoted to devel-
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oping various approaches to fabricate 1D ZnO nanoneedles, !

nanopencils,'? nanopins,'* and nanoinjectors,'*!*> nanonails'®
that have characteristically sharp tips.

For instance, the vapor-phase transport method was utilized
to grow ZnO nanopencils, nanopins, and nanoinjectors.'>™
Metalorganic chemical vapor deposition (MOCVD) was also
used to fabricate well-aligned ZnO nanoneedle arrays.’ Although
these techniques can easily get high-quality products, they are
generally constrained by the requirement of high temperature
and substrates that must be able to endure high temperature,
which limits large-scale production with low energy consumption
on other substrates.

In contrast, mild solution-based synthesis methods offer
economically viable alternative synthesis routes for the afore-
mentioned 1D ZnO nanostructures.!” For instance, A. Wei
et al.'® fabricated ZnO nanoinjectors by chemical dissolution of
hydrothermaly grown ZnO nanorods. However, so far all
existing synthesis methods can only obtain 1D arrays of single-
crystalline ZnO nanostructures with a single sharp tip as an
electron emission site, which limits the FE current at a low level.
Increasing the area density of 1D ZnO nanostructures to obtain
more electron emission sites also cannot improve the FE
performance all the time due to the concomitant serious
screening effect.'* Thus, further increasing the number of FE
sites by tuning the tips’ crystal structure and surface perturba-
tions without increasing the screening effect will be a meaningful
and challenging attempt.

In this paper, we designed a facile two-step synthesis strategy
to create 1D arrays of novel hybrid single/poly-crystalline ZnO
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nanoawls (HSP-ZNAs). Each HSP-ZNA consists of a poly-
crystalline ZnO nanoneedle atop a single-crystalline ZnO
nanorod (ZNR). The poly-crystalline nanoneedle was made up
of tiny nanocrystallites several nanometers in size and could
provide more surface perturbations and thus more electron
emission sites, which will help field emitters improve their FE
properties. To the best of our knowledge, this is the first example
of successfully fabricating 1D HSP ZnO nanostructures. It is
demonstrated that the HSP-ZNA arrays exhibited markedly
enhanced FE properties compared with whole single-crystalline
ZNA arrays or the ZNR arrays without nanoneedles. So far,
there have been no reports on the enhancement of FE properties
by incorporating poly-crystalline ZnO nanostructures into
pristine single-crystalline ZnO nanostructures. In addition, our
two-step approach is based firstly on an aqueous electrodeposi-
tion and secondly, aqueous chemical growth (ACG) can afford a
tunable crystal structure and aspect ratio of the ZNAs. In
addition, the two-step synthesis strategy could possibly be
extended to the fabrication of HSP nanostructures of other
functional materials.

2. Experimental section

The HSP-ZNA arrays were produced on a large scale via a facile
two-step synthesis strategy similar to our previous reports.'*?
Typically, in the first step, large-scale ZNR arrays were
electrodeposited on indium tin oxide (ITO, In: SnO,) glass
substrates (10 Q/[J) in an equimolar concentration (0.005 M)
aqueous solution of Zn(NOj), and C¢H N4 (HMT) using a
CHI-660D electrochemical workstation with a three-electrode
electrochemical configuration (see Fig. la) that can be found
elsewhere.?! In brief, an ITO substrate, a Pt electrode, and a
saturated calomel electrode (SCE) were used as the working
electrode, the counter electrode, and reference -electrode,
respectively. The applied potential and temperature was kept
at —1.1 V and 70 °C, respectively. In the second step, an aqueous
chemical growth (ACG) method?? (see Fig. 1b) was adopted to
grow ZnO nanoneedles on the hexagonal end plane of the ZNRs
by immersing the ZNRs’ substrate obtained from the first step
into the bottle filled with an aqueous solution consisting of
Zn(NO3),, CcH 5Ny, and NaF. The bottle was sealed and kept at
a constant temperature of 90 °C. The molar concentration and
ratio of Zn(NOj),, C¢H{»Ny4, and NaF were tuned to obtain
single-crystalline or poly-crystalline nanoneedles. Finally, the as-
synthesized product on ITO substrates were annealed at 450 °C
in vacuum and then used for further characterization and FE
measurement.
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Fig. 1 Schematic diagrams of experimental devices for (a) aqueous
electrodeposition and (b) aqueous chemical growth methods.

The surface morphology and phase identification of the
samples were investigated by a scanning electron microscope
(SEM, JSM-5900, JEOL, Japan) operated at an acceleration
voltage of 15 kV and a powder X-ray diffractometer (XRD,
ARL XTRA, Thermo Electron Co., USA) with Cu-Kog
radiation at a scan speed of 5°/min in the 26 range between
20° and 65°. The tube voltage and the tube current were 45 kV
and 35 mA, respectively. Further structural analysis of the
samples was carried out using a transmission electron micro-
scope (TEM, Tecnai G20, FEI, USA) having a point-to-point
resolution of 0.24 nm and a line resolution of 0.14 nm operated
at an acceleration voltage of 300 kV. The TEM was equipped
with a multiscan charge-coupled device (CCD) camera system
(Model 8322, Gatan, USA) to record the HRTEM images and
selected area electron diffraction (SAED) patterns. The chemical
composition of the as-synthesized samples was analyzed using an
energy dispersive X-ray spectrometer (EDS, EDAX Inc., USA).
The FE measurement was performed with a simple diode
configuration (see Fig. 2) in a bell jar which was pumped down
to 107® Torr at room temperature. The cathode was the as-
prepared hybrid single/poly-crystalline ZNA arrays on the ITO
glass and the anode was ITO glass coated with a layer of
fluorescent powder. The distance between the cathode and anode
was 100 pm separated by a Teflon spacer with an aperture (~0.5
em?) for electron emission. The dependence of the emission
current on the applied voltage was acquired at a step of 50 V.
The data were recorded only after ramping up and down the
applied voltage at least five times (electrical annealing) to
stabilize the electron emission.

3. Results and discussion

SEM images of the as-electrodeposited ZNR arrays and the
derivative ZNA arrays prepared by subsequent ACG process are
shown in Fig. 3. An aqueous solution consisting of Zn(NOs3),,
C¢H5Ny, and NaF with a molar concentration ratio of
1:1:35 was used in the ACG process and the molar
concentration of Zn(NOs), was 0.01 M. From the top-view
and cross-section SEM images in Fig. 3a and c, it can be seen
that the hexagonal ZNRs with 150-200 nm in diameter were
primarily oriented perpendicular to the ITO substrate. After a 1
h ACG process and an annealing treatment, the pristine ZNRs
evolved into the hierarchical ZnO nanostructures composed of
two parts: a long needle atop a hexagonal rod base, resembling
an awl in appearance, as shown in Fig. 3b and d. Thus, we called

Anode (+)

Fig. 2 Schematic diagram of a simple diode configuration for measur-
ing FE properties of ZnO nanoawl arrays.
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Fig. 3 (a, b) Top-view and (d) cross-section SEM images of the ZNR arrays and ZNA arrays.
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Fig. 4 Schematic diagram of preparation procedure for the ZNA arrays via a facile two-step synthesis strategy based on an aqueous electrodeposition

and an aqueous chemical growth.
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Fig. 5 Typical XRD patterns of the ZNR arrays and ZNA arrays,
respectively.

it a ZnO nanoawl (ZNA). It can be observed that each ZNA only
has a single nanoneedle atop the nanorod holder, which is similar
to our previous reports dealing with vapour-phase synthesis
methods.'*!> These nanoneedles are uniform and ~30 nm in
diameter, and their length is mainly dependent on the ACG time.
The longer the ACG time was, the larger the aspect ratio of the
nanoneedles was. It is worth pointing out that the nanorod
holders still have the same length, diameter, and perpendicularity
to the pristine ZNRs. The preparation procedure of the ZNA
arrays derived from the electrodeposited ZNR arrays can be
schematically illustrated in Fig. 4.

Fig. 5 shows the typical XRD patterns of the ZNR arrays and
ZNA arrays, respectively. All diffraction peaks of both the two
ZnO nanostructures can be indexed to the wurtzite (hexagonal)
structured ZnO (space group P6smc) with cell parameters ¢ =
3.249 A and ¢ = 5.206 A, which is in good agreement with the
literature values (JCPDS No.36-1451). No characteristic diffrac-
tion peaks of other impurities such as metallic Zn could be
detected, indicating a pure ZnO phase. The XRD results prove
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Fig. 6 (a) Low-magnification TEM image of the ZNA arrays, (b) HRTEM image and SAED pattern of nanoneedle tip of the ZNAs, and (c) HRTEM

image of nanorod holder of the ZNAs.

the successful fabrication of the ZNA arrays. In addition, the
strongest peak (0002) is observed implying that the (0002) plane
of ZnO nanostructures was oriented parallel to the substrate.
Compared with the ZNR arrays, the ZNA arrays have a lower
diffraction peak intensity of the (0002) plane, which could be
attributed to the crystal structure of the nanoneedles atop the
ZNRs (the detailed reason will be mentioned below).

The crystal structure and morphology of the ZNAs were
further investigated by TEM characterization. Fig. 6a shows the
low-magnification TEM image of the ZNA arrays scraped from
the ITO substrate, exhibiting the typical awl-like morphology.
Further, from the high-resolution TEM (HRTEM) image of a
nanoneedle tip in Fig. 6b, we can see that the nanoneedle
consisted of randomly assembled ZnO nanocrystallites with less
than 10 nm in size, indicating the poly-crystalline nature as
revealed by the SAED pattern of annular diffraction ring
inserted in Fig. 6b. The nanorod holders of the ZNAs kept the
single-crystalline nature all the time, which also was proved by
the HRTEM image and the SAED pattern of arrayed diffraction
spots shown in Fig. 6c.

The poly-crystalline nature of the ZnO nanoneedles could
come from the intermediate product—poly-crystalline ZnFOH
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Fig. 7 EDS result of the ZnFOH nanoneedles before annealing.

nanoneedles that were formed by the ACG process according to
the previous reports.?!>* The EDS analysis (Fig. 7) also detected
the presence of fluorine in the ZNAs before annealing as well as
zinc and oxygen elements, corroborating the formation of
ZnFOH. After the subsequent annealing treatment of ZnOHF
nanoneedles, the poly-crystalline ZnO nanoneedles were formed
at the top of single-crystalline ZNRs with the (0002) planes
oriented parallel to the substrate. This explains the decrease in
the (0002) diffraction peak intensity in XRD patterns for the
ZNA arrays in Fig. 5. It is worth noting that this kind of poly-
crystalline ZnO nanoneedle was not always obtained. When the
NaF content in the ACG solution was decreased (molar
concentration ratio Zn(NOs),, C¢H 52Ny, and NaF < 1:1:2),
no intermediate product of ZnFOH was formed. On the
contrary, single-crystalline ZnO nanoneedles were directly grown
at the top of single-crystalline ZNRs (not shown), forming the
whole single-crystalline ZNA arrays that have the nearly same
morphology, size, and density as the HSP-ZNA arrays (see SEM
and TEM images in Fig. S1 and S2 ESI¥). This indicates that a
critical molar concentration and ratio of Zn(NOj3),, CsH >Ny,
and NaF is the precondition at which ZnFOH can nucleate and
grow.”® When it comes to this, we can safely proclaim that we
have successfully fabricated the HSP-ZNA arrays. Therefore, the
ACG process in the second step played a paramount role.

Fig. 8a shows the dependencies of the measured FE current
density (/) on the applied electric field (£) in the J-E plots for the
ZNR arrays, the single-crystalline ZNA arrays, and the HSP-ZNA
arrays. For more impartial comparison, the single-crystalline ZNA
arrays and the HSP-ZNA arrays have entirely the same size and
morphology, the only difference being the crystal structure of the
nanoneedles (see Fig. S1 and S2 ESI}). Apparently, the HSP-ZNA
arrays have the lowest macroscopic turn-on field (defined as the
electric filed required to draw a current density of 10 pA cm™?) of
1.7 V um~ " and the lowest threshold field (defined as the electric
filed required to draw a current density of | mA cm ™ 2) of 4.7 V
pum~ . In comparison, the turn-on and threshold fields of the
single-crystalline ZNA arrays are 4.5 V um ' and 7.6 V pm ™!,
respectively. Unsurprisingly, the ZNR arrays didn’t emit when the
applied electric field was less than 10 V um ', which is attributed to
a lack of nanoneedle emitters. Further, the FE current-voltage
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Fig. 8 (a) FE current density as a function of applied electric field for
the HSP-ZNA arrays, single-crystalline and ZNR arrays. The inset is the
F-N plots; (b) Current density as a function of time recorded for the
HSP-ZNA arrays at 5.2 V m~ !, the insets are the photographs of the
HSP-ZNA array sample and the corresponding fluorescent powder
luminescence.

characteristics can be evaluated by the simplified Fowler—
Nordheim (F-N) equation,>**

J = A(B*EX|®)exp(— B> BE)

Where J is the current density, E is the applied field strength,
@ is the work function of the emitter, which is 5.3 eV for ZnO, A4
and B are constants with values of 4 = 1.56 x 1071 (A V2 ¢eV),
B =683 x 10° (V eV™¥ um™"), respectively, and B is the so-
called field enhancement factor that is introduced to reflect the
degree of FE enhancement of any tip over a flat surface. The
inset in Fig. 8a shows the F-N equation in the In(J/E?) — 1/E
plots for the three ZnO samples. All the plots exhibit quasi-linear
dependence, indicating that the FEs from these samples follow
the F-N relation. According to the slopes of fitting curves (as
solid lines),z“’25 the  was estimated to be 1946, 4507, and 6619
for the ZNR arrays, the single-crystalline ZNA arrays, and the

HSP-ZNA arrays, respectively. Obviously, the HSP-ZNA arrays
have the largest ff value and the best FE performance according
to Fig. 8a.

The value of nanostructured ZnO is related to the geometry,
crystal structure, and nanostructure density.13 Because the
single-crystalline ZNA arrays and the HSP-ZNA arrays have
the entirely same size and morphology, the only difference being
the crystal structure of the nanoneedles, we think that the
increased f of the HSP-ZNA arrays was attributed to the poly-
crystalline structure of ZnO nanoneedles atop the HSP-ZNAs,
which increased the number of FE sites due to the presence of
tiny ZnO nanocrystallites around the nanoneedle tips (see
Fig. 6b). Moreover, the poly-crystalline ZnO has a lower work
function compared with the single-crystalline ZnO,%® which
made the poly-crystalline ZnO nanoneedle tips more easily emit
electrons. As a result, the HSP-ZNA arrays have the lowest
macroscopic turn-on field and threshold field. In other word, at
the same electric field strength, the HSP-ZNA arrays could emit
a larger FE current that is usually necessary for realizing high
brightness FE displays and other FE-based devices. In addition,
the FE lifetime and stability are also paramount issues in FE
devices. We have conducted lifetime measurements at a pressure
of 107¢ Torr with an initial emission current density of 3.0 mA
em 2 at 5.2V um~ L. Fig. 8b shows the FE stability of the HSN-
ZNA arrays by plotting the emission current density as a
function of time. No obvious degradation of current density was
observed during the period of 200 min FE. Even after one
month, the same sample of the HSN-ZNA arrays was re-tested
and still remained stale FE current density. The relatively stable
FE is supposed to be related to the reliable contact between the
ITO substrates and the ZNA arrays due to the direct
electrodeposition on the substrates of ZNA holders. All these
demonstrate that the HSN-ZNA arrays could be considered as
one of the promising candidates for long-lifetime and high-
stability FE devices.

4. Conclusions

In conclusion, we reported the fabrication of the HSN-ZNA
arrays by a facile two-step synthesis strategy for the first time,
and the formation mechanism of the novel 1D ZnO nanos-
tructure was also proposed. The enhanced FE of the HSN-
ZNA arrays was found and proposed to be related to more
emission sites from the tips of poly-crystalline nanoneedles of
the HSP-ZNAs. The proposal was further corroborated by an
in situ transmission electron microscopy investigation of
individual HSN-ZNAs during their FE process. In addition,
our presented synthesis strategy could possibly be extended to
the fabrication of HSP nanostructures of other functional
materials that could have unexpected properties and potential
applications.
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