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tate and the evolution of field
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We have studied the effects of adsorbates on the field emission (FE) properties of graphene edges at

different temperatures using Joule heating. Using infrared imaging and spectral fitting, the temperature

from room temperature to about 1000 K was measured accurately. It was found that adsorption induces

the deviation of graphene edge field emission from the Fowler–Nordheim law and the noise of the field

emission. The adsorbates are gradually desorbed with an increase in temperature, and are almost

completely desorbed above about 500 K. The FE of graphene edges without adsorption is fairly

consistent with the FN theory.
1. Introduction

Since the eld emission (FE) of carbon nanotubes (CNTs) was
demonstrated,1 researchers have taken tremendous interest in
the FE of low-dimensional carbon materials due to their unique
structure, and excellent mechanical and chemical properties.1–16

Graphene is of atomic thickness, and exhibits high electrical
conductivity, mechanical exibility, and strong thermal/
chemical stability, which qualify it as a promising FE source.
Li et al.13 reported the FE properties of graphene lms with gas
adsorbates and the results showed that except N2, adsorption of
O2 and CO2 reduced the FE current of graphene lms. Of the
many theoretical and experimental studies on graphene, most
of them have focused on the properties of graphene edges due
to their unusual electronic properties.17–25 However, the prop-
erties of graphene edges are very easily inuenced by adsorbates
around the graphene. We have already26 studied the water
adsorption of a graphene edge emitter by FE experiments and
rst principles simulations. However, the process of
adsorption/desorption hasn’t been investigated in detail. In this
paper, the effects of adsorption/desorption on graphene edges
at different temperatures have been studied. It was found that
the adsorbates will be gradually desorbed with an increase in
temperature, and is almost completely desorbed above about
500 K. The FE of graphene edges without adsorption is fairly
consistent with the FN theory.
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2. Experimental results and
discussion

In this work, graphene was prepared using the same method as
in our previous paper.26 Fig. 1(a) shows a 5000� scanning
electron microscopy (SEM) image of the graphene. We found
that the graphene has numerous thin open edges and tips. The
Raman spectrum excited by a 514 nm laser is shown in Fig. 1(b),
where the high 2D peak veried that the sample was composed
predominately of few-layer graphene.27 Fig. 1(c) shows a trans-
mission electron microscopy (TEM) image of the graphene. It
can be seen that the graphene has a sharp edge. The inset in
Fig. 1(c) displays the selected area electron diffraction (SAED)
pattern of the graphene. This proves that the graphene is few-
layered. Fig. 1(d) shows a TEM image of the graphene at
a smaller magnication.

Fig. 2(a) shows a schematic diagram of the cathode and
anode. The graphene eld emitter was fabricated by sticking
them on a molybdenum wire of 0.1 mm diameter with an
organic binder, which can be thoroughly evaporated aer being
heated at 350 �C in air for a few minutes. An indium tin oxide
(ITO) glass coated with phosphor was used as the anode. The
anode was placed behind the cathode to avoid the effect of
thermal expansion. The distance between the anode and
cathode is about 200 mm. The FE experiment was conducted in
a high-vacuum chamber with a base pressure of 10�5 Pa. Two
metal rod electrodes were used to heat the graphene current
passing through them. A Keithley 237 high voltage source
measurement unit was used to supply the voltage, and Fig. 2(b)
shows an image of the phosphor anode illuminated by the FE of
the graphene cathode at 1100 V. Temperature is a very impor-
tant physical quantity for the study of adsorption/desorption.
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) A scanning electron microscopy (SEM) image of the graphene; (b) Raman spectrum of the graphene excited by a 514 nm laser; (c)
a transmission electron microscopy (TEM) image of the graphene at high magnification. Inset: The selected area electron diffraction (SAED)
pattern of the graphene; (d) a transmission electron microscopy (TEM) image of the graphene at a smaller magnification.
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The temperatures above 800 K were measured by optical spec-
tral tting. The emissivity of graphene is a necessary value when
measuring temperature using the infrared imager. For the
temperatures above 800 K, we rstly t the spectra, and then
measured the temperature with the infrared imager. Fig. 2(c)
shows that the intensity changes with wavelength at 1012 K. The
tted curve is in good agreement with the measured value. This
Fig. 2 (a) Schematic diagram of the cathode and anode; (b) image of the
change with wavelength at 1012 K; (d) the emissivity changes of graph
graphene sample at 383 K.

This journal is © The Royal Society of Chemistry 2018
shows that temperature measurement by spectral tting is very
accurate.28 The temperatures below 800 K were measured by the
infrared imager. The emissivity of the sample was adjusted
when using the infrared imager so that the temperature was
identical to that of the spectra tting for temperatures above
800 K. The emissivity of the sample below 800 K was also
adjusted following the same trends. Fig. 2(d) shows that the
phosphor anode illuminated by the FE of the graphene; (c) the intensity
ene with current when the sample was heated. Inset: Image of the
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Fig. 3 (a) Field emission I–V curves of the graphene at different temperatures; (b) FN curves of the graphene at different temperatures; (c)
field emission current change with time at 293 K and 1012 K; (d) the amplitude change with frequency by fast Fourier transform (FFT) at 293 K and
1012 K.
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emissivity of the graphene changes with the current when the
sample is heated. It can be seen that the emissivity of graphene
increases with heating. The inset in Fig. 2(d) shows an image of
the graphene at 383 K when the temperature was measured by
the infrared imager. It also shows that the temperature can be
measured by the thermal radiation spectrum.

Fig. 3(a) shows the I–V curves of the graphene at different
temperatures. Here, a DC voltage sweeping from 600 V to 1100 V
was applied to the sample. It can be seen that the noise of the FE
currents decreases with an increase in temperature. The turn-on
(dened at emission current 0.1 mA) eld and the biggest
emission current are shown in Table 1. The biggest emission
current is 2.4 mA at RT, 1.9 mA at 383 K, 1.5 mA at 459 K, 1.35 mA at
509 K, 1.3 mA at 779 K and 1.15 mA at 1012 K. This is mainly due
to the fact that the FE of the graphene is inuenced by the
adsorption.29,30 The adsorbates are almost completely desorbed
above 500 K. This shows that heating can be used as a useful
method to remove adsorbates. The FE current was affected by
adsorption/desorption, but these do not alter the inherent
properties of the graphene FE emitter. The FE at 1012 K in this
experiment was determined as the intrinsic FE of graphene aer
Table 1 The turn-on field, emission current, intercept, slope and f of g

Turn-on eld (V/mm) Emission current (m

293 K 3.6 2.4
383 K 3.85 1.9
459 K 3.92 1.5
509 K 4.15 1.35
779 K 4.3 1.3
1012 K 4.5 1.15

31832 | RSC Adv., 2018, 8, 31830–31834
the complete removal of adsorbates. The emission current is 0.1
mA at 4.45 V mm�1 and 1.15 mA at 5.5 V mm�1. Fig. 3(b) displays
the corresponding Fowler–Nordheim (FN) plots. It also shows
that the noise of the FE current at 293 K is signicantly higher
than that at 1012 K. Fig. 3(d) displays the amplitude change
with frequency by fast Fourier transform (FFT) at 293 K and
1012 K. It can be seen that the curve is very noisy at 293 K and
the curve is very smooth at 1012 K. The FN equation31 is
expressed as follows:

J ¼ lMaf
�1E2b2 exp

 
� bf

3
2

bE
vF

!
(1)

where J is the current density, lM is a macroscopic pre-
exponential correction factor, a and b are constants (a ¼ 1.54
� 10�6 A eV V�2, b¼ 6.83 eV�3/2 V nm�1), f is the work function
of the emitter (4.74 eV for graphene17), E is the applied electric
eld32 (E ¼ V/d, where V is the voltage applied between the at
cathode and the anode screen and d is their separation), b is the
local electrical eld enhancement factor, and vF (correction
factor) is the Schottky–Nordheim barrier function. The eld
raphene at different temperatures

A) Intercept Slope f (eV)

�16.59773 �9997.86398 4.695
�18.72544 �8380.30797 4.174
�18.28973 �9224.39898 4.450
�16.54843 �11 237.04029 5.076
�17.93949 �10 370.27289 4.811
�18.43309 �10 142.22375 4.74

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 The intercept, slope and work function (f) of the graphene edge emitter at different temperatures.
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enhancement factor b can be calculated from the slope (m) of
the FN curves (the curves of ln(1/V2) versus (1/V), using the
following equation.

b ¼ ð�6:8� 103Þf3=2

m
(2)

To further prove the inuence of adsorption on the gra-
phene, the FE current change with time at 293 K and 1012 K is
shown in Fig. 3(c). It can be seen that the FE current at 293 K is
higher than the FE current at 1012 K.

Fig. 4(a)–(c) shows the calculated intercept, slope and f at
different temperature. The eld-enhancement factor (b) of gra-
phene was calculated to be about 6900 at 1012 K. The large
b shows that graphene is an excellent eld emitter. As adsorption
does not change the geometric structure of graphene, b at low
temperatures can be viewed as almost the same as that at high
temperatures. The work function at different temperatures was
calculated as listed in Table 1 by solving eqn (2) based on b and
the slope of the FN plot between 0.001–0.0015 (670–1000 V). By
selecting the slope of the FN plot at 0.001–0.0015, the intercept. It
can be seen that f increases with temperature at below 500 K. f is
basically the same when the temperature is above 500 K. This
shows that the adsorbates are almost completely desorbed above
509 K, and the adsorption energy is about 44 meV.
3. Conclusions

In summary, the effect of adsorption on graphene edges at
different temperatures has been demonstrated in detail. It is
shown that the noise of the I–V and FN curves decreases with an
increase in temperature. The noise of the I–V and FN curves is
well explained by the adsorption effect. The adsorbates are
almost completely desorbed above 500 K. It is shown that the
intrinsic FE of the graphene follows the FN theory fairly well.
The enhancement factor b was calculated to be about 6900
using the FN theory, and the large b makes graphene an inter-
esting material for a wide variety of scientic and technological
applications.
Conflicts of interest

There are no conicts to declare.
This journal is © The Royal Society of Chemistry 2018
Acknowledgements

This work is nanced by the National Key R&D Program of
China (Grant No. 2018YFA0208401 and 2017YFA0205800),
NSFC (Grant No. 51572146, 51727805, and 51672152), the Bei-
jing Advanced Innovation Center for Future Chip (ICFC), the
Innovation Talents Program of Science and Technology of
Institution of Higher Education of Henan Province, China
(Grant No. 14HASTIT044), the Science and Technology Project
of Henan Province, China (Grant No. 182102310884), and the
Ninth Group of Key Disciplines in Henan province, China
(Grant No. 2018119).
References

1 W. A. de Heer, A. Chatelain and D. Ugarte, Science, 1995, 270,
1179–1180.

2 S. S. Fan, M. G. Chapline, N. R. Franklin, T. W. Tombler,
A. M. Cassell and H. J. Dai, Science, 1999, 283, 512–514.

3 J. M. Bonard, J. P. Salvetat, T. Stockli, L. Forro and
A. Chatelain, Appl. Phys. A: Mater. Sci. Process., 1999, 69,
245–254.

4 J. M. Bonard, H. Kind, T. Stockli and L. O. Nilsson, Solid-State
Electron., 2001, 45, 893–914.

5 Y. Cheng and O. Zhou, C. R. Phys., 2003, 4, 1021–1033.
6 S. C. Lim, K. Lee, I. H. Lee and Y. H. Lee, Nano, 2007, 2, 69–
89.

7 C. H. Weng, K. C. Leou, H. W. Wei, Z. Y. Juang, M. T. Wei,
C. H. Tung and C. H. Tsai, Appl. Phys. Lett., 2004, 85, 4732–
4734.

8 G. Y. Zhang, X. Jiang and E. G. Wang, Appl. Phys. Lett., 2004,
84, 2646–2648.

9 C. L. Tsai, C. F. Chen and L. K. Wu, Appl. Phys. Lett., 2002, 81,
721–723.

10 R. Che, M. Takeguchi, M. Shimojo and K. Furuya, J. Phys.:
Conf. Ser., 2007, 61, 200–204.

11 L. R. Baylor, V. I. Merkulov, E. D. Ellis, M. A. Guillorn,
D. H. Lowndes, A. V. Melechko, M. L. Simpson and
J. H. Whealton, J. Appl. Phys., 2002, 91, 4602–4606.

12 Y. H. Wu, B. J. Yang, B. Y. Zong, H. Sun, Z. X. Shen and
Y. P. Feng, J. Mater. Chem., 2004, 14, 469–477.

13 J. Li, X. B. Yan, G. Y. Gou, Z. Wang and J. T. Chen, Phys.
Chem. Chem. Phys., 2014, 16, 1850–1855.
RSC Adv., 2018, 8, 31830–31834 | 31833

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra04705g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 3

/8
/2

02
6 

12
:3

8:
03

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
14 R. Khare, D. B. Shinde, S. Bansode, M. A. More,
M. Majumder, V. K. Pillai and D. J. Late, Appl. Phys. Lett.,
2015, 106, 0231111–0231115.

15 A. K. Samantara, D. K. Mishra, S. R. Suryawanshi,
M. A. More, R. Thapa, D. J. Late, B. K. Jena and C. S. Rout,
RSC Adv., 2015, 5, 41887–41893.

16 P. K. Bankar, S. S. Warule, S. R. Jadkar, N. S. Chaudhari and
M. A. More, RSC Adv., 2016, 6, 83084–83090.

17 F. Zhu, X. Y. Lin, P. Liu, K. L. Jiang, Y. Wei, Y. Wu, J. P. Wang
and S. S. Fan, Nano Res., 2014, 7, 553–560.
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