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Light-Emitting lllumination and Field Emission
Device of Potassium Hydroxide-Doped
Electrochemically Reduced
Graphene Oxide

Ching-Tsang Chang, Yi-Tsung Chang, Member, IEEE, Yun-Jhong Chih,
Yu-Hao Lee, Chun-Hu Chen, Lung-Chien Chen, and Jau-Je Wu

Abstract—This paper presents a parallel plate-type field
emission device of potassium hydroxide-doped electro-
chemically reduced graphene oxide (GO) manufactured
using highly oriented pyrolytic graphite through electro-
chemical exfoliation. The material properties of the GO
were tested through Raman spectroscopy, X-ray diffraction,
and X-ray photoelectron spectroscopy. The optimal electron
emission characteristics of the device were as follows: turn-
on field =2.03 V/um, field emission current = 16.4 ¢ A, and
field emission enhancement factor = 8377. At an emission
peak wavelength of 563.7 nm, the optimal device had a light
flux of 4.21 lumens and an illumination of 140.3 lux. These
properties can be utilized in various optoelectronic devices,
such as nanoelectronics devices, sensors, electrochemical
systems, and energy storage devices.

Index Terms—Field emission, graphene oxide (GO),
highly oriented pyrolytic graphite (HOPG), light-emitting
illumination.

|. INTRODUCTION

q FTER being theorized for years, graphene was finally
isolated and characterized in 2004. Graphene has since
been extensively studied, and graphene-based products, such
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TABLE |
INSERT VOLTAGE AND SOLUTION OF ALL SAMPLES
Samples Insert Voltage H2S04 KOH
(V) M) M)
A 1 0.48 0
B 1 0.96 0
C 2.5 0.48 0
D 2.5 0.96 0
E 1 0.48 0.487
F 1 0.96 0.487
G 2.5 0.48 0.487
H 2.5 0.96 0.487
TABLE Il

RAMAN ANALYSIS INFORMATION FOR ALL SAMPLES

Samples Ip/Ig FW21-II)N}’ ?2;11_])
A 4.12 96.29
B 2.56 107.74
C 2.19 98.17
D 2.13 95.9
E 1.23 88.7
F 1.08 97.6
G 1.38 96.73
H 1.48 111.77

as energy storage devices [1], nanoelectronics products [2],
electrochemical systems [3], and sensors [4], have been
developed. Graphene is an advanced nanomaterial of great
academic and industrial interest because of its unique physical
graphene oxide (GO) is usually produced through the Hum-
mer method [8] and through other chemical syntheses [9].
Graphite oxide sheets, simply called GO, are products of
the chemical oxidation and exfoliation of graphite powder.
GO sheets are single-atomic-layer sheets spanning tens of
micrometers in their lateral dimension, bridging across the
typical length scales investigated in chemistry and materials
science [10]. Field emission refers to the process wherein
electrons tunnel through a potential-energy barrier at the solid—
vacuum interface and then escape into the vacuum under an
external electrostatic field and to the process wherein electrons
are emitted from the surface of the material when an external
electric field is applied [11], [12]. In recent years, the field
emission phenomenon of graphene [13] has received much
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Fig. 1. Field emission light-emitting device structure.
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Fig. 2. Raman spectra for (a) pristine GO and (b) electrochemically

r-GO.

academic attention owing to graphene’s favorable electrical
conductivity, electron mobility, and aspect ratio. In this paper,
GO was produced through electrochemical exfoliation, a sim-
ple and convenient method. In addition, a parallel plate-type
field emission device of GO was fabricated. GO was drop
coated [14] on substrates to manufacture cathodes for a field
emission device.
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Fig. 3. XRD patterns for (a) pristine GO and (b) electrochemical r-GO.

Il. EXPERIMENT
A. Producing GO and Reduced Products

A highly oriented pyrolytic graphite (HOPG) was first elec-
trolyzed using a mixture of 0.48-0.96 M sulfuric acid (98%),
0.487 M potassium hydroxide, and 100-mL deionized water.
The HOPG was attached to a platinum wire using a copper
tape and was used as the anode, and another platinum wire
was used as the cathode. The power supply in the experiment
was set to 2.5 V as the insert voltage for 5 min; the bias
was then changed to 12 V for 15 min [15], [16]. Subse-
quently, GO was collected through filtration and preserved in
N,N-dimethylformamide solution. Tables I and II present the
properties of the GO samples.

Reduced GO (r-GO) used in this experiment was the same
as that discussed in the previous paragraph; the insert voltage
was set as 1-2.5 V, and 0.487 M KOH was added to the
original electrolyte in order to reduce the number of graphene
defects [17].

B. Material Analysis

All samples were characterized through Raman spec-
troscopy (Witec Confocal Raman Microscope Alpha 300R),
X-ray diffraction (XRD; Bruker D2 Phaser), and X-ray
photoelectron spectroscopy (XPS; JEOL JPS-9010 MX).
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Fig. 4. XPS spectrafor (a) and (b) are samples A and C before reduction,
and (c) and (d) are samples E and G after reduction.

Raman spectroscopy revealed the characteristic bands of
graphene (e.g., D, G, and 2-D bands). The crystal structure of
GO was characterized through XRD, and the constituent ele-
ments, electronic and chemical states, and chemical bonding of

Fig. 5. SEM images of GO (samples A and C) and r-GO
(samples E and G).

GO were examined through XPS. All characterizations verified
improvement in the material properties.

C. Field Emission Measurement

The experiment on the field emission of electrons was based
on Fowler—Nordeim (F-N) theory [11], [18]

2 5
I:A%-exp(_fﬁ; ) (1)

where A is the emission area, ¢ is the work function, f is
the field enhancement factor, and a and b are constants (a =
1.54x 107 A-eV-V2 and b = 6.83x 107 eV~15.V.cm™).

Fig. 1 shows the structure of the fabricated device; the
gold and chrome electrical contacts were formed through
electron-beam evaporation on a glass substrate. GO was drop
coated [14] on the substrate as the cathode. A 150-nm-thick
indium tin oxide (ITO) layer coated on the substrate through
sputter deposition served as the anode. The field emission elec-
tron experiment was performed using a parallel-plate setup in a
vacuum chamber (Edwards RV12; 1.5x 1073 torr). The anode—
cathode distance (d) was approximately 400 um, and the
measured emission area was 1 x 1 cm?. A high-voltage power
supply (YSTC HVPS) delivered a stable voltage to the anode,
and the voltage was swept from O to 2000 V in steps
of 10 V. Field emission light-emitting illumination and spectral
measurements were performed in the same manner as were the
electrical measurements; however, instead of sputter-deposited
ITO, a spin-coated phosphor layer (phosphor: methanol = 1:5
by weight, 600 rpm for 40 s) was used as the anode.

[1l. RESULTS AND DISCUSSION
A. Raman Analysis

Raman spectroscopy is a powerful nondestructive method
for characterizing carbonaceous materials, especially for iden-
tifying the ordered and disordered crystal structures of carbon.
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Fig. 6. I~V curve and In(I/V2) versus 1/V plot of F-N equation for (a) and (b) pristine GO and (c) and (d) samples with different potassium hydroxide
contents. (e) and (f) Samples with the optimal potassium hydroxide content.

The significant structural changes that occur during the func-
tionalization of GO are reflected in its Raman spectra [19].
Raman shifts were observed in the D, G, and 2-D bands,
which shifted by 1355, 1584, and 2690 cm~! on average,
respectively (Fig. 2) [20], [21]. The D-band intensity is
affected by the number of defects, and others with higher
intensity are attributable to the fast electrochemical prepara-
tion. The G-band is a characteristic marker of the graphite
structure and reflects the vibration of the sp> C = C bonding:

the more the sp? bonding, the higher the strength of the
G-band. The Ip/l; data evidence that r-GO has substantially
fewer defects than does pristine GO [Table II and Fig. 2(b)].
Samples C and G exhibited the highest quality.

B. XRD Analysis

XRD is a simple method for investigating the structure of
a crystalline material, such as graphene. The XRD angles of
exfoliated GO and electrochemically r-GO are 10.4° and 26.5°,
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respectively [22]. The XRD angles of the GO samples before
and after reduction were 11.3°-11.6° and 24.3°, respectively
(Fig. 3); the slight shift in the angle of the reduced sample is
indicative of its higher purity. The diffraction peak of residual
pristine graphite was observed at 26.5° [22].

C. XPS Analysis

XPS [23] is one of the most commonly used methods for
determining the relative amounts of carbon, oxygen, and func-
tional groups in GO and is more accurate than the elemental
analysis in measuring carbon and oxygen content [24], [25].
XPS revealed that reduction reduces the strength of the chem-
ical bonds of oxygen atoms (Fig. 4); the slight shift in the
bonding energy is caused by the retarding effect of the glass
substrate [26]. The Cls XPS spectra of GO (samples A and C)
and r-GO (samples E and G) exhibited three distinct peaks at
287.7, 289.6, and 292.1 eV, and 287.7, 289.3, and 293.2 eV,
respectively, corresponding to the C-C (aromatic rings),
C-0 (epoxy and alkoxy), and C(O)O groups, proving that the
samples are close in quality to pure graphene [27], [28].

D. Scanning Electron Microscopy Analysis

The nanostructure of the samples was examined through
scanning electron microscopy (SEM). Fig. 5 presents the
morphology of the GO (samples A and C) and r-GO
(samples E and G) samples. Samples C and G exhibited a
sharp and wrinkly structure and yielded relatively high field
emission performance than did the other samples [29], [30].

E. Field Emission, Light Flux, and lllumination
of the Fabricated Device

Fig. 6(a) shows the four field emission devices composed of
pristine GO samples A—D. The turn-ON fields of samples A—D
were 3.26, 3.51, 2.15, and 2.43 V/um, respectively, and their
maximum field emission current levels were 4.95, 5.8, 10.1,
and 6.9 uA, respectively. Thus, sample C exhibited the most
favorable field emission performance. Fig. 6(e) presents the
I-V curves for samples E-H. The turn-ON fields of samples
E-H were 2.82, 3.05, 2.03, and 2.27 V/um, respectively, and
their maximum field emission current were 6.1, 6.7, 16.4,
and 10 uA, respectively. Thus, of samples E-H, sample G
exhibited the most favorable field emission properties.

Fig. 6(b) plots the In(l/V?) versus 1/V curve [11] for
samples A-D. As evident, F-N tunneling is the dominant
field emission current transport mechanism. The slope of the
opening upward curve in Fig. 6(b) was calculated. The f
values of the four samples were 3404, 4836, 8174, and 5810.
Fig. 6(f) shows the F-N curve for samples E-H, indicating
their § values to be 3699, 5333, 8377, and 6164.8, respectively.

Sample C exhibited the most favorable field emission prop-
erties; its turn-ON field and f were 2.15 V/um and 8174,
respectively. Therefore, to determine the doping concentration
that yielded the highest field emission efficiency, potassium
hydroxide-doped GO samples were prepared by doping the
samples using 2.5, 5, 7.5, and 10 mL of potassium hydroxide
in 0.48 M sulfuric acid, because adding potassium hydroxide
can increase the density of edge defects [31], which in
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(b) CIE chromaticity diagram.

turn improves device efficiency [18]. The turn-ON fields of
samples thus prepared were 2.15, 3.1, 2.8, 2.65, and 2.03 V/m
[Fig. 6(c)], and their S values were 3699, 5333, 8377,
and 6164 [Fig. 6(d)]. Clearly, the optimal performance was
realized when doping using 10 mL of potassium hydroxide.

When 0.487 M sulfuric acid and 10 mL of potassium
hydroxide was added, the field emission efficiency of sam-
ple G improved: its turn-ON field and g were 2.03 V/um
and 8377, respectively (Fig. 6). As shown in Fig. 7, sample G
exhibited the highest performance among all devices; at a peak
wavelength of 563.7 nm, its light flux was 4.21 lumens and
illumination was 140.3 lux.

IV. CONCLUSION

This paper elucidated the effects of the preparation con-
ditions of GO on its field emission characteristics. Addition
of 0.487 M potassium hydroxide reduced the turn-oN field
from 2.15 to 2.03 V/um, increased the field emission current
to 16.4 uA, and increased £ from 8174 to 8377; at an emission
peak, wavelength of 563.7 nm, a light flux of 4.21 lumens, and
illumination of 140.3 lux were realized, confirming that GO
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with potassium hydroxide exhibits the optimal field emission
efficiency. This material can be utilized in large-area flat-panel
displays and graphene-based light-emitting devices.
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