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The graphene double-walled carbon nanotube (DWCNT) hybrid films were prepared by vacuum filtration and screen printing.
Their electron field emission properties have been studied systematically. The electron emission properties of the hybrid films are
much better than those of pure DWCNT films and pure graphene films. Comparing with the screen printed films, the vacuum
filtered films have many advantages, such as lower turn-on field, higher emission current density, better uniformity, better long-
term stability, and stronger adhesive strength with conductive substrates. The optimized hybrid films with 20% weight ratio of
graphene, which were fabricated by vacuum filtration, show the best electron emission performances with a low turn-on field of
0.50V𝜇m−1 (at 1 𝜇Acm−2) and a high field enhancement factor 𝛽 of 27000.

1. Introduction

Field emission relies on the electron extraction from the
material surface by quantum mechanical tunneling [1]. This
simple principle has been widely used in field emission
displays (FED) [2], electron guns [3, 4], back-light devices [5],
and so on.

Due to their high aspect ratio, nanometer-sized tip radii,
low work function, and high electrical conductivity, carbon
nanotubes (CNTs) are considered one of the most promising
materials for electron field emission [6–12]. However, the
integration of CNT field emission into device remains a
challenge which stems from the method of preparing field
emission films and the contact between CNT films and the
electrical substrates.

Lots of methods for fabricating CNT field emission films
are developed. CNT films prepared by the chemical vapor

deposition (CVD) method [13–15] have high conductivity.
But this method is very complex and expensive. Screen
printing [16] is widely used to fabricate CNT field emis-
sion films, due to its low cost, easy control, and scalable
preparation; however, the simple screen printing technique
also brings some drawbacks, such as the poor adhesive
strength to the substrate, residual organic binders, and high
annealing temperature. The electrophoresis method [17] for
fabricating CNT films owes some disadvantages, like the
bad uniformity of films and the poor adhesive strength to
the substrate. Vacuum filtration [18] is also widely used to
prepare CNT films, owing to its low cost, being scalable,
and low temperature preparation. Films prepared by vacuum
filtration have the advantages of no organic binders and
strange adhesive strength to the substrate.

On the other hand, graphene a two-dimensional (2D) car-
bonmaterial owns the highest electronmobility of 15,000 cm2
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(V⋅cm)−1 at room temperature [19–23], which is currently of
great interest as efficient FE sources because of its unique
electronic properties, large surface areas, and sharp edges [24,
25]. However, the existing preparation methods always lead
to graphene that has the planar morphological features along
the entire substrates, which limits the field enhancement. To
overcome this problem, a hybrid structure of 1D DWCNTs
and 2D graphene films was prepared in this paper. The
graphene-DWCNThybrid films fabricated by screen printing
and vacuum filtration were proposed to improve the field
emission properties. We compared the field emission perfor-
mances of the graphene-DWCNT hybrid films fabricated by
screen printing and vacuum filtration. Our results show that
adding a certain amount of graphene in the DWCNT films
will improve the field emission performance, and the field
emission performances of graphene-DWCNT hybrid films
fabricated by vacuum filtration are better than those of films
fabricated by screen printing.

2. Experimental Section

2.1. Preparation of Graphene by Chemical Reduction. Gra-
phenewas prepared by the reduction of graphene oxide (GO),
and GO was prepared from natural graphite by modified
hummer method [21]. The natural graphite (3 g) was purified
by mixed acid (sulfuric acid (12mL) and nitric acid (24mL))
at 80∘C. The purified graphite was added in 120mL sulfuric
acid. Then, the mixture was cooled down to 0∘C in ice bath,
and this was followed by carefully adding 12 g potassium
hypermanganate. Oxidizing reaction was taken in an oil bath
at 35∘C for 2 hours. After the oxidizing process, 750mL
deionized water (DI-water) was added in drop by drop. After
a 2-hour stirring, 10mL hydrogen peroxide was added in
the mixture, and the solution became yellow. And then, after
centrifuging the dispersion for 15min and drying it at 60∘C,
the GO powder was prepared.

The as-prepared GO (1 g) powder was dissolved in DI
water (1000mL), and then 500 𝜇L hydrazine was added
into the solution. The reduction was held for 12 h with a
temperature of 80∘C. After vacuum filtering and being dried
at 60∘C for 12 h, graphene was prepared.

2.2. Preparation of Field Emission Cathode by Vacuum Fil-
tration. The as-prepared graphene and DWCNT (Shenzhen
Nanotech Port Co., Ltd., purity: CNTs > 90%, diameter <
5 nm, length of 5–15𝜇m) mixed powder (50mg) with dif-
ferent weight ratios of graphene and sodium dodecyl sulfate
(SDS) (50mg) was dissolved in DI water (100mL) aided
by a 30min ultrasonic dispersion. The graphene-DWCNT
hybrid solution (50mL)was filtered through a 0.22𝜇mmixed
cellulose ester (MCE) membrane (diameter of 47mm) and
then washed with DI water to remove SDS. The graphene-
DWCNT hybrid films which are kept flat on the MCE
membrane can be transferred to metal substrates or flexible
substrates. We transferred the hybrid films to glass plates
coated with silver by dissolving the MCE membrane with a
repeated bath of acetone vapor. We put the hybrid films on
the electric substrates directly in nylon/hybrid films/electric

substrate structure in the acetone bath. After the clean wash,
the upper nylon film can be removed easily. Then, the
graphene-DWCNT films adhered tightly to the conductive
substrate. At last, the sample was dried at 80∘C for 3 hours
to remove acetone vapor. An adhesive tape method has been
taken to improve the field emission performance [26].

2.3. Preparation of Field Emission Cathode by Screen Printing.
The composite powder of graphene and DWCNTs with
different weight ratios (0.2 g) mixed with ethyl cellulose
and terpineol (1.4 g) was screen-printed onto silver coated
substrates (1 cm × 1 cm). These samples were dried at 200∘C
for 10min and then annealed at 300∘C to burn out organic
binders. An adhesive tape method has been taken to improve
the field emission performance.

2.4. Characterization of Samples. Themorphology of screen-
printed graphene-DWCNT hybrid cathode was examined
by field emission scanning electron microscopy (FESEM)
using HITACHI S-4800 at a working voltage of 5.0 KV.
Field emission properties were performed in vacuum (6.5 ×
10−4 Pa) by a homemade conventional diode-type structure.
A 340 𝜇m thick glass spacer was used to keep the distance
between cathode and anode.

3. Results and Discussion

The field emission performances of graphene-DWCNT
hybrid filmswith differentweight ratios of graphene inDWC-
NTs and with different preparation methods are systemat-
ically studied. The emission current density versus applied
electric field of different samples with vacuum filtration and
screen printing is shown in Figures 1(a) and 1(b). The weight
ratio of graphene and fabricationmethod are clearly shown in
the label of every sample such that VFGC-20 means that the
sample is prepared by vacuum filtration and the weight ratio
of graphene is 20%. All samples in each figure can be divided
into three parts as the weight ratio of graphene increases
from 0% to 100%. In the first group, when the weight ratio
of graphene is less than 20%, the field emission performance
turns better as the weight ratio of graphene increased. In the
second group, when the ration of graphene is between 20%
and 40%, the field emission performance turns worse, but the
FE performance is still better than that of the pure DWCNT
films. In the last group, when the weight ratio of graphene is
bigger than 40%, the field emission performance turns worse
when increasing the weight ratio of graphene, and the field
emission performance is also worse than that of DWCNTs.

The field emission data of Figures 1(a) and 1(b) fol-
lows approximately the well-known Fowler-Nordheim (F-
N) equation which is widely used in carbon based electron
emitters for the analysis of field emission enhancement factor
𝛽. The field enhancement factor can be calculated using the
F-N equation as follows:

𝐽 = 𝐴(
𝛽
2

𝐸
2

Φ
) exp(−𝐵Φ

1.5

𝛽𝐸
) . (1)
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Figure 1: Emission current density versus applied electric field of (a) screen-printed hybrid films of different weight ratios of graphene and
(b) vacuum filtered hybrid films of different weight ratios of graphene.
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Figure 2: The Fowler-Nordheim (F-N) curves of (a) screen printed samples and (b) vacuum filtered samples.

The reduced F-N equation developed by Forbes [27]
indicates the linear relationship between ln (𝐽/𝐸2) and 1/𝐸
as follows:

ln( 𝐽
𝐸2
) =
−6.3 × 10

3

Φ
1.5

𝛽𝐸
+ 𝐶, (2)

where 𝐽 is the emission current density, 𝐴 = 1.56 ×
10−6 AV−2 eV, 𝐵 = 6.83 × 109 eV−3/2 Vm−1 [3], 𝛽 is the field
enhancement factor, Φ is the work function, 𝐸 is the applied
electric field, and 𝐶 is a constant. Assuming that the work
function of the DWCNTs is 5.0 eV [28], we ploted ln (𝐽/𝐸2)
versus 1/𝐸 in Figures 2(a) and 2(b) and made linear fit about
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Figure 3: (a) Turn-on fields and threshold fields of different samples and (b) field enhancement factor of different samples.

0 50 100 150 200 250 300 350
0.0

0.3

0.6

0.9

1.2

1.5

VFGC-0
 VFGC-20

 SPGC-0
 SPGC-20

T (min)

J
(m

A
/c

m
2
)

Figure 4: The emission current stability of VFGC-0, VFGC-20, SPGC-0, and SPGC-20.

it. According to (2) and the slope of the F-N curve, we could
easily calculate the value of 𝛽.

The turn-on field values, threshold field values
(Figure 3(a)), and the corresponding enhancement factor
values (Figure 3(b)) of different samples with different
preparation methods were measured. The electron emission
turn-on fields of VFGC samples vary from 0.50V/𝜇m
to 1.18 V/𝜇m, and they are lower than those of SPGC
hybrid samples, where turn-on fields vary from 0.54V/𝜇m
to 0.88V/𝜇m, when they have the same weight ratio of
graphene.The field enhancement factors of VFGC-0, VFGC-
10, VFGC-20, VFGC-40, VFGC-60, VFGC-100, SPGC-0,

SPGC-10, SPGC-20, SPGC-40, SPGC-60, and SPGC-100
are 10800, 16000, 27300, 14200, 11200, 8700, 14100, 13600,
16200, 14600, 13000, and 12900, respectively, as shown in
Figure 3(b). It is clear that the graphene-DWCNT hybrid
films show a better performance than pure DWCNT films.
And the VFGC-20 sample obtains the best field emission
properties with a turn-on field of 0.50V/𝜇m, a threshold
field of 0.87V/𝜇m, and an enhancement factor of 27300.

We evaluated the emission current stability (Figure 4)
and the luminance uniformity (Figure 5) of filtered gra-
phene-DWCNT hybrid films and screen-printed graphene-
DWCNT hybrid films. The initial emission current density
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Figure 5: The luminance uniformity of (a) SPGC-0, (b) VFGC-0, (c) SPGC-20, and (d) VFGC-20.
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Figure 6: Fermi levels of graphene, DWCNT, and silver.

was 0.95 mAcm−2. An applied electric field of 0.9V𝜇m−1 for
vacuum filtered samples and of 1.2 V𝜇m−1 for screen-printed

samples was kept constant for 360min in the stability test.
Figures 4 and 5 demonstrated that the current stability and
the luminance uniformity of filtered samples are better than
those of screen-printed samples when they have the same
weight ratio of graphene. At the same time, hybrid films show
better current stability and luminance uniformity than those
of the pure DWCNT films prepared by the same method.

It is well known that the process of field emission includes
three key steps [29]. First, the electrons transfer from the
electrode to the field emissionmaterial. Second, the electrons
are transmited in the field emission material. At last, the
electrons are emitted from the emitter to vacuum.

In the first field emission step, electrons are transported
frommetal electrode to the nanocarbon hybrid films. Appar-
ently, whether the contact interface between metal electrode
and nanocarbon hybrid films is blocked or not would
highly affect the sample’s emission properties. There are two
important factors which affect the electrical contact between
metal electrode and hybrid films. One is the Fermi energies
of metal and nanocarbon hybrid films. The Fermi energies
of silver, graphene, and DWCNTs are −4.3 eV, −4.4 eV, and
−4.8 eV, respectively, as shown in Figure 6 [30–32]. Electrons
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(a)
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Figure 7: (a) Original vacuum filtered hybrid films (left) and screen-printed hybrid films (right). (b)The same pressure is loaded on adhesive
tapes which are attached on hybrid films. (c) Adhesive tapes are peeled off the hybrid films.
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Figure 8: FESEM images of (a) SPGC-0, (b) VFGC-0, (c) VFGC-20, (d) VFGC-60, and (e) VFGC-100.

can easily transfer from silver films to DWCNT films via
graphene.

The other is the adhesive strength of nanocarbon films
with metal electrode. The adhesion test was performed by
using a Scotch tape based on ASTM standard (D3359-02).
The two kinds ofDWCNT cathode surface were adheredwith
the same tapes and loaded with the same pressure (0.09N).
Figure 7 demonstrated that the adhesive strength of filtered
films with silver substrate is stronger than that of screen-
printed films with silver substrate.

In the second step, electrons are transported between
single DWCNT in the nanocarbon films. In this process, the
key factor is the conductivity of nanocarbon films. Figure 8 is
the FESEM images of nanocarbon hybrid films.

The conductivity of filtered samples is better than that
of screen-printed samples because of the residual organic

binders in screen-printed films, and the filtered films are
very pure (Figures 8(a) and 8(b)). It is maybe the organic
paste used in screen printing process that cannot totally
burn out at 300∘C. So the conductivity of screen-printed
samples is worse than that of filtered samples. The electrical
connection between single carbon nanotube turns better by
adding graphene into DWCNTs as the hybrid field emission
material (Figure 8(c)).

In the last step, electrons are emitted from DWCNT
tips into vacuum. There are two factors which would affect
the emission properties: the number of electron emission
DWCNT tips and the work function of DWCNT. Some
DWCNTs are covered by graphene when the weight ratio of
graphene is 20%, which is shown in Figure 8(c). And almost
all DWCNTs are wrapped up by graphene when weight ratio
of graphene is 60%; the electron emitting DWCNT tips are
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reduced significantly in Figure 8(d). This is the major reason
that the field emission properties are getting worse when
the ratio of graphene exceeded 20%. And Figure 8(e) shows
that the edges of graphene are not flat and the surface is not
smooth. The zigzag edges and uneven surface are electron
emitting tips for graphene films.

4. Conclusion

We fabricated the graphene-DWCNT hybrid films by vac-
uum filtration and screen printing. And we systematically
studied the field emission properties of graphene-DWCNT
hybrid films with different weight ratios of graphene and
with different preparation methods. We found that, com-
pared with screen-printed nanocarbon hybrid films, vacuum
filtered nanocarbon hybrid films show lower turn-on field
and higher field enhancement factor, and the field emission
performance improved significantly when adding graphene
into DWCNTs as the emission material. We got the optimum
FE performance with a turn-on field of 0.50V𝜇m−1 and
a threshold field of 0.87V𝜇m−1 when the weight ratio of
graphene is 20%.
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