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Improved field emission properties of carbon nanotube cathodes by nickel
electroplating and corrosion*
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Abstract: Carbon nanotube (CNT) cathodes prepared by electrophoretic deposition were treated by a combination
of nickel electroplating and cathode corrosion technologies. The characteristics of the samples were measured by
scanning electron microscopy, energy dispersive X-ray spectroscopy, J—FE and F-N plots. After the treatment, the
CNT cathodes showed improved field emission properties such as turn-on field, threshold electric field, current
density, stability and luminescence uniformity. Concretely, the turn-on field decreased from 0.95 to 0.45 V/um at
an emission current density of 1 mA/cm?, and the threshold electric field decreased from 0.99 to 0.46 V/um at
a current density of 3 mA/cm?. The maximum current density was up to 7 mA/cm? at a field of 0.48 V/um. In
addition, the current density of the CNT cathodes fluctuated at around 0.7 mA/cm? for 20 h, with an initial current
density 0.75 mA/cm?. The improvement in field emission properties was found to be due to the exposure of more

CNT tips, the wider gaps among the CNTs and the infiltration of nickel particles.
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1. Introduction

Since the first report in 19911, carbon nanotubes (CNTs)
have attracted enormous interest around the world in many
fields due to their outstanding optical, electrical and mechani-
cal properties. Owing to their special geometrical properties,
including high aspect ratio and small tip radii of curvature,
CNTs have also been thought of as ideal field emission materi-
als. Presently, chemical vapor deposition (CVD)[?-3], screen-
printing!® 5] and electrophoretic deposition (EPD)!! are gen-
erally used for the preparation of CNT cathodes. However,
the CVD method requires high vacuum and growth tempera-
ture, which limits the substrate selectivity. The screen-printing
method introduces an organic additive into the CNT film,
which leads to a negative effect on the field emission perfor-
mance of the CNT cathode. Besides, the uniformity and thick-
ness of CNT films are not easily controlled. In contrast, the
EPD method is simple but robust because of its low process
temperature and the possibility of scale-upl”l. Moreover, it of-
fers better uniformity of the CNT film than that of screen-
printing. But the good field emission properties of CNT films
by EPD cannot be guaranteed because of the CNT tips lying
on the surface of the film!®°! the compactness among the
CNTHIO 11 and the high barrier between the CNT and sub-
stratel12].

Due to these shortfalls in CNT films by EPD, both domes-
tic and foreign scholars have researched the method of compos-
ite electrodeposition to improve the field emission properties of
CNT films['3=13] Fan et al.1'®] used the CNT/nickel (Ni) com-
posite electrophoretic deposition method to improve the field
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emission properties of CNT cathodes. This method is effective
and simple but there are still many disadvantages. For exam-
ple, the CNTs in the composites would be easily covered by
the consequently deposited nanoparticles in the process, which
leads to a decrease in the effective field emitters in the CNT
cathode. Moreover, this method cannot guarantee wide gaps
between the CNTs.

In this study, an effective treatment of a combination of Ni
electroplating and cathode corrosion is demonstrated. On the
one hand, Ni electroplating decreases the barrier between the
CNT and the substrate electrodel!”), and on the other, cathode
corrosion widens the gaps between the CNTs and exposes more
CNT tips to air. Therefore, the field emission characteristics of
the CNT film are improved after the treatment.

2. Experiments

2.1. Cathode preparation

Multi-walled CNTs with a diameter of 10-20 nm, a length
of 5-15 nm and a purity = 95% were purchased from Shen-
zhen Nanoport Company. Purification is necessary before the
next step of the experiment since the raw CNTs were often ag-
gregated and/or entangled with many impurities such as amor-
phous carbon and catalytic metal particles. The CNT purifica-
tion process was as follows: initially, raw CNTs were stirred in
a concentrated HNO3 and H, SOy solution (1 : 3 volume ratios)
at 100 °C for 4 h. Then, acid-treated CNTs were washed with
demonized water to become neutral and dried at 120 °C for 30
min to form the purified CNTs.
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Afterwards, the purified CNTs were used for the EPD pro-
cess. The CNT electrophoretic suspension (composed of 20 mg
purified CNT powders, 200 mL propyl alcohol and 50 mg
Mg(NO3),-6H,0) was produced after ultrasonic treatment for
60 min at 30 W. The graphite plate was employed as the an-
ode and the CrCuCr film (produced by magnetron sputtering)
acted as the cathode. The gap between the two electrodes was
around 3 mm. The CNTs were deposited electrophoretically on
the surface of the cathode under a current density of 1 mA/cm?
for 10 min.

The CNT cathode was followed by Ni electroplating and
cathode corrosion treatments. Firstly, for the nickel electroplat-
ing process, Ni was electroplated on the CNT film in the plat-
ing solution, which was composed of NiSO4-6H,0 of 10 g/L,
NiCl,-6H,0 of 3 g/L, SDB 0f 0.001 g/L and H3BO3 of 40 g/L.
The Ni plate was used as the anode and the CNT film prepared
by EPD was used as the cathode, respectively. The pH values
were adjusted to 5.0 by dilute sulphuric acid and sodium hy-
droxide. The current density was 1 mA/cm? for 2 min with an
electrode gap of 4 cm in the electroplating process. Secondly,
for the cathode corrosion method, the CNT/Ni film (prepared
by EPD and Ni electroplating) was employed as the anode, and
was placed 4 cm away from the cathode (Ni plate). The corro-
sion process was conducted at a current density of 0.9 mA/cm?
for 30 s in the plating solution. After that, all the samples were
sintered from room temperature to 450 °C in 99.99% N,, and
the temperature was kept at 450 °C in 99.99% N, for 30 min
to remove organic additives. Finally, the samples were cooled
down from 450 °C to room temperature in N, gas.

2.2. Characterization methods

The morphologies and chemical composition of the sam-
ples were examined by scanning electron microscopy (SEM,
HITACHI S-3000) equipped with an energy dispersive X-ray
spectroscope (EDX, EDAX GENESIS). The field emission
properties and the stability of the samples were measured in a
diode structure under a 3.7 x 10~ Torr vacuum with a spacer
height of 1100 um. The dimensions of the fabricated samples
were 5 x 4 cm?. The indium tin oxide glasses printed with
green phosphor were used as the anode.

3. Results and discussion

Schematic diagrams of CNT electrophoretic deposition, Ni
electroplating and cathode corrosion are shown in Fig. 1. In
Fig. 1(a), the charged CNTs in the suspension move and are
deposited on the CrCuCr electrode to form the CNT film, un-
der a constant current density. In Fig. 1(b), under a constant
current density at 1 mA/cm? for 2 min, Ni?* ions gradually
travel through the Ni plating solution and infiltrate into the
CNT film to form the CNT/Ni film!'®], In Fig. 1(c), the an-
ode is the CNT/Ni film and the cathode is the Ni plate. With
a constant current density of 0.9 mA/cm? between the cathode
and the anode, an electric field is produced by the voltage and
a magnetic field is produced by the electric current. Because
of the current and acid plating the Ni solution, the Ni nanopar-
ticles in the plating solution are dissolved from the surface of
the CNT/Ni film and become Ni?™ ions to form the dissolved
CNT/Ni film. Then, due to the effect of the electric field, Ni2+

Fig. 1. Schematic diagram of (a) CNT electrophoretic deposition, (b)
Ni electroplating, and (c) cathode corrosion.

ions move to the cathode through the plating solution. Because
of the magnetic field, Ni nanoparticles are magnetized and di-
rected to the cathode. At the same time, some CNTs (encased
with Ni nanoparticles) in the CNT/Ni film are directed to the
cathode from the surface. Because of this, more CNT tips are
exposed and the relative CNT content of the dissolved CNT/Ni
film is increased compared with that of the CNT/Ni film.

3.1. Morphological properties

Figure 2 illustrates the surface morphology of the fabri-
cated films, showing: (a) a top view of the EPD CNT film, (b)
a top view of the CNT/Ni film, (c) a top view of the dissolved
CNT/Ni film, (d) a side view of the EPD CNT film, and (e)
a side view of the dissolved CNT/Ni film. In Fig. 2(a), CNTs
were deposited in a substrate electrode by electrophoretic de-
position. Figure 2(b) shows that after Ni electroplating the
surfaces of the nanotubes were coated with Ni nanoparticles.
Figure 2(c) is an SEM image of the CNT/Ni film after cath-
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Fig. 2. SEM images of (a) a top view of the EPD CNT film, (b) a
top view of the CNT/Ni film, (c) a top view of the dissolved CNT/Ni
film, (d) a side view of the EPD CNT film, and (e) a side view of the
dissolved CNT/Ni film.

Fig. 3. EDX analyses of (a) the EPD CNT film, (b) the CNT/Ni film,
and (c) the dissolved CNT/Ni film.

ode corrosion. In contrast to Fig. 2(b), Figure 2(c) shows that
the Ni nanoparticles on the surface of the CNT were dis-
solved through the cathode corrosion method. It was also found
from Fig. 2(c) that the cathode corrosion method widened
the gaps among the CNTs (compared to Fig. 2(a)), which re-
sulted in a decrease in the electric field shield effect among the
CNTs!1% 11 Figure 2(d) is a side view of the EPD CNT film.
No sharp CNT tips can be clearly seen in the SEM side view
of the EPD CNT film, whereas there were some tips on the
surface of the CNT film after cathode corrosion, and more tips
were exposed to the surface of the composite film, as can be
seen from Fig. 2(e).

The chemical composition of the samples was ana-
lyzed by EDX. Figure 3(a) shows carbon, oxygen, magne-
sium and chromium. It was obvious that the carbon peak
was from the CNTs and the magnesium peak was from the
Mg(NO3),-6H,0 in the CNT electrophoretic suspension. In
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Fig. 4. J—E plot of field emission current density versus applied elec-
trical field.

addition, the chromium peak was from the substrate. Compared
to Fig. 3(a), there were additional Ni and Aurum peaks in the
spectrum of Fig. 3(b). The Ni peak was from Ni electroplating
and the Aurum peak was from gold sputtering. Compared to
Fig. 3(b), the Ni content was decreased and the carbon content
was increased in Fig. 3(c) because of the cathode corrosion.

3.2. Field emission characteristics

The field emission properties of the CNT, CNT/Ni and dis-
solved CNT/Ni samples were measured in a vacuum chamber
with a pressure of 3.7 x 10™° Torr, and the anode—cathode
distance was about 1100 um. As can be seen in Fig. 4, the
turn-on electric field (E,,, defined at an emission current den-
sity of 1 mA/cm?) decreased from 0.95 V/um of the CNT
to 0.66 V/um of the CNT/Ni to 0.45 V/um of the dissolved
CNT/Ni. Besides, the threshold electric field (Ey,, defined at
a current density of 3 mA/cm?) of the dissolved CNT/Ni film,
CNT/Ni film and CNT film were 0.46, 0.70 and 0.99 V/um, re-
spectively. Thus, the dissolved CNT/Ni film had the best field
emission properties for the lowest E,, and the lowest Ey,.

Fowler—Nordheim (F-N) theory['] has proven useful in
describing field emission from carbon-based electron emitters.
According to the F-N equation, the emission current density is
the function of E, 8 and ¢:

J =156 x107% x

B2E%2  —6.83x 107¢3/?
€X s
6 VT BE

where J is the field emission current density of the cathodes, E
is the electric field applied between the cathode and the anode,
B is the field enhancement factor, and ¢ is the work function
of the cathode material. The F-N curve, i.e. In (J/E?) versus
1/E, is presented in Fig. 5. As the work function ¢ of CNT was
5.0 eV[2%] and the work function ¢ of Ni was 4.8 eV, the work
function of the CNT/Ni composite was approximately between
5.0 and 4.8 eV, and was assumed to be 4.9 eV in this paper.
The field enhancement factors () were determined from the
slopes of the In (J / E?) versus 1/E curve, which were obtained
from the linear fittings of Fig. 5. The calculated 8 values of the
dissolved CNT/Ni, the CNT/Ni and the EPD CNT films were
1.010 x 104, 8.425 x 103 and 4.023 x 103, respectively.

Q)

Fig. 5. J—E properties in the F-N curves of different CNT films at (a)
the EPD CNT film, (b) the CNT/Ni film, and (¢) the dissolved CNT/Ni
film.

Figures 6(a)-6(c) show the field emission images of (a)
the EPD CNT film, (b) the CNT/Ni film, and (c) the dissolved
CNT/Ni film at DC 850 V. In Fig. 6(a), there were few emis-
sion sites and the luminescence uniformity was poor. Com-
pared with Fig. 6(a), Figure 6(b) shows more emission sites
and better luminescence uniformity. Nevertheless, Figure 6(c)
shows the best field emission performance.

There are three reasons for the improvement in CNT film
field emission properties after treatment with a combination
of Ni electroplating and cathode corrosion. Firstly, the move-
ment of Ni nanoparticles in the plating solution led to more
CNT (encased with Ni nanoparticles) exposure to air, which
was in favor of electron emitting!®2!1. Secondly, the corro-
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Fig. 6. Field emission images of (a) the EPD CNT film, (b) the CNT/Ni
film, and (c) the dissolved CNT/Ni film.

sion of the infiltrated Ni nanoparticles widened the gaps among
the CNTs, which led to a decrease in the electric field shield
among the CNTs!'% 1] and more effective emission sites of the
CNT on the cathode. Therefore, the field emission properties
of the CNT film were improved. Thirdly, the Ni nanoparticles
between the CNTs and the substrate could reduce the contact
resistance and lower barrier I. According to the double-barrier
potential model'®], the field emission electrons would tunnel
through two barriers: barrier I (electrons tunnel through the po-
tential barrier between the substrate and CNT) and barrier II
(electrons tunnel through the barrier between the CNT and vac-
uum). Nickel has good electrical conductivity, so barrier I be-
tween the substrate and CNT would decrease, which enhances
the field emission properties of the CNTs.

The stability test of the two samples (CNT and dissolved
CNT/Ni) is given in Fig. 7. For the two samples, the initial
current was set at about 0.75 mA/cm? and the testing time was
approximately 20 h. As presented in Fig. 7, it was clear that the
stability of the dissolved CNT/Ni film was better than that of

Fig. 7. Emission stability of the CNT film (@) before treatment and
(b) after treatment.

the CNT film. After 20 h, the current density of the dissolved
CNT/Ni decreased to 82% of the initial current, and the current
density of the CNT cathode fluctuated at around 0.7 mA/cm?,
while that of the CNTs dramatically decreased to 35% of the
initial current. Therefore, it was concluded that the treatment
of the combination of Ni electroplating and cathode corrosion
benefited the field emission properties and the emission stabil-
ity of the CNT film.

4. Conclusions

CNT films prepared by EPD have the disadvantages of
poor field emission properties because of the tips of the CNTs
lying on the surface of the film, compactness among the CNTs,
and the high barrier between the CNTs and substrate. In or-
der to improve the field emission characteristics of CNT cath-
odes, treatment with a combination of Ni electroplating and
cathode corrosion was employed in this paper. By applying
the treatment, most of the CNT tips were exposed to air, the
gaps between the CNTs were widened, and the barrier between
the CNTs and the substrate was lowered. As a result, the field
emission properties, including turn-on field, current density,
threshold electric field, emission sites and luminescence uni-
formity, were improved. CNT cathodes treated by Ni electro-
plating and cathode corrosion have potential applications in
CNT field emission displays and ray tubes.
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