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HIGHLIGHTS

e Graphite is made from graphite oxide with well-defined basal plane and edges.

e The edges have demonstrated inferior field emission performance.

e The sparse wrinkles on the basal plane play important roles as emission sites.
e The oxygen-containing groups lead to deterioration in field emission performance.
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Graphite made from graphite oxide with well-defined basal plane (perpendicular to the c-axis or
stacking orientation) and cross-sectional edges (along to the stacking orientation) are utilized to
investigate the field emission characteristics. The significant differences of basal plane and edges from
the same graphite sample are characterized. It is found that the basal plane with wrinkles has lower
turn-on field (5.01 V/um, corresponding to a current of 10 pA/cm?) and threshold field (7.38 V/um, cor-
responding to current of 1 mA/cm?), compared to the edges. Fowler-Nordheim (FN) analysis indicates
that the basal plane has larger field enhanced factor (1374, while 453 for edges), but smaller emission
area efficiency (1.24 x 10~3) than the edges (0.526). Characterizations show that the sparse wrinkles on

the basal plane play important roles as emission sites; the oxygen-containing groups which tend to form
on the edges lead to an increase in work function and the deterioration in field emission performance.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

With large aspect ratios, carbon nanotubes (CNTs) have been
considered as promising electron-field-emission cathode [1-3],
since the demonstration in 1995 [4]. With similar basic structure
(sp? bonded carbon layers), graphene has also attracted attention
for field emission due to the atomic thickness, excellent electrical
and thermal conductivities, and good mechanical stability [5—7].
Especially, when the carbon edges were used as electron emission
sites, the field emission of protruding graphene layers have been
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considerably investigated [8—10].

Both surface morphology and electronic structure (e.g., work
function) of cathodes are critical for extraordinary field emission
(FE) performance [11—13]. Graphene with wrinkles or fins have
been demonstrated to exhibit outstanding FE performance, as the
wrinkles or fins were considered as high-efficiency emission sites
[12,14]. On the other hand, graphene films prepared from exfoliated
graphite by spray-coating [11], electrophoretic deposition [8,15]
and hydraulic press [16], have been extensively studied for field
emission; it was found that the presence of graphene edges was
also a key for the excellent FE properties. Numerous studies sug-
gested that lots of exposed edges in vertically-standing graphene
could potentially provide a high-density FE sites, and orderly-
standing graphene sheets with a proper spatial arrangement
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showed a superior FE performance [17—22]. Other factors influ-
encing the FE performance of graphene-based materials were also
investigated. For example, a simulation suggested that the gra-
phene edge saturated with O atoms has the higher work function,
compared to that with carbon dangling atoms or that terminated
with H [23,24]. Adatom doping such as nitrogen and boron doping,
has been shown to have significant effects on the electronic
structure and work function of graphene [25—27]; N-doped gra-
phene showed better FE properties than B-doped graphene [28].
Most studies mentioned above, however, have been performed on
samples in different morphology or structure, possibly resulting in
ambiguous conclusions when the effects of morphology, work
function and functional groups are considered simultaneously.
Ideally, the FE property of the basal plane shall be compared to that
of the edges from the same sample, better with tunable work
function. But it is challenging to prepare well-defined basal plane
and edges consisting of graphene layers [22,29], and the coexis-
tence of basal plane and edges in randomly oriented graphene
samples (e.g., those from graphene powders) has hindered the
further understanding of factors determining FE performance
[8,14,16]. Previous studies have suggested that the electrons can be
emitted from both the basal plane and the edge of graphene [9,29];
while few research have been conducted on the comparative
research of FE properties for basal plane and edges from the same
graphite sample. Therefore, systematical studies are needed to
distinguish the contribution from the basal plane and the edges.

Herein, we report the FE studies of graphite made from graphite
oxide (GO), with well-defined basal plane and cross-sectional
edges. The graphite made in this way has a flat (002) plane while
with randomly distributed wrinkles. The cross-sectional edges
consist of lots of protruding graphene or thin-graphite layers. The
FE measurement coupled with characterizations show that the
sparse wrinkles on the basal plane play the more important role as
emission sites than dense protruding edges, although the basal
plane has the slightly higher work function than that of clean edges.
The oxygen functionalization further increases the work function of
the edges and thus deteriorates the FE performance.

2. Experimental

GO was prepared by modified Hummers' method [30]. The
graphite samples were made following the method described in
our previous report [31]. In brief, the films prepared from graphite
oxide slurry were dried, pre-annealed at 1000 °C for 30 min and
further calcined at 2950 °C for 2 h in an argon atmosphere. After
cooling down to the room temperature, the films were rolled at
150 MPa to obtain the graphite. The as-prepared bulk graphite was
cut into slices (as shown in the inset of Fig. 1(a)) with a typical
thickness of 2 mm by a diamond wire saws. In order to expose the
edges, the cross-section was successively processed by tape-
stripping, ultrasonic (30 min) and Ar plasma (100 W, 30 min). The
fresh basal plane was obtained by directly splitting the as-prepared
graphite with a blade. Prior to characterizations and FE testing, the
edges and basal plane samples were annealed at 1000 °C for 2 h in
an argon and hydrogen mixture atmosphere. The surface
morphology of samples was characterized with scanning electron
microscopy (SEM, JSM-6700F) and atomic force microscopy (AFM,
Park XE7). The structural characterizations were carried out using
X-ray diffraction (XRD, D/max-TTR III) with Cu K, radiation
(V=40kV, I=200mA) and Raman spectroscopy (Renishaw inVia
Raman Microscope, 532 nm laser, 5mW). X-ray photoelectron
spectroscopy (XPS, ESCALAB 250) and ultraviolet photoelectron
spectroscopy (UPS, ESCALAB 250, Helium (He) I (21.22eV) irradia-
tion) were utilized to investigate the surface chemical groups and
work function of the samples. The FE measurements of the samples
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Fig. 1. Typical morphology of the graphite sample. (a) SEM image of the basal plane.
Inset shows the photograph of graphite samples, (b) SEM image of cross-sectional
edges, (c) AFM image of the basal plane, and (d) AFM image of cross-sectional
edges. Insets of (c) and (d) show the corresponding line profiles along the dashed lines.

were carried out in an ultrahigh vacuum chamber with a pressure
lower than 5 x 10> pa using a two-parallel-plate configuration by
exposing the basal plane or cross-sectional edges to the anode. The
distance between cathode and anode was 400 pm or 150 um for the
basal plane or edges sample, respectively. FE current was measured
as a function of applied voltage using digital multimeter (Fluke
8808A) and high voltage DC power supply (Teslaman TD2202).

3. Results and discussion

The method mentioned above allows for the preparation of
graphite with size of up to A4 size; typical samples are shown in the
inset of Fig. 1(a). Fig. 1(a) is typical SEM image of the basal plane, in
which the wrinkles can be clearly identified. The SEM image of
cross-sectional edges in Fig. 1(b) shows the orderly layer-by-layer
stacking with a small amount of twisting and bending of layers.
From the corresponding AFM image of the basal plane (Fig. 1(c)), a
roughness (root mean square, Rms) of 0.04 pm is obtained. The line
profile shown in the inset indicates that the height of wrinkles
ranges from 0.10 to 0.17 pm. As the wrinkles are randomly
distributed on the basal plane, the distance between wrinkles
shown in the AFM image are roughly estimated as several micro-
meters. From the profile we can also see that the width of the
wrinkles spreads to a scale of micrometers, partially caused by the
limitation of lateral resolution of AFM tips. From the AFM image
and the line profile shown in Fig. 1(d), larger Rms roughness of
0.23 pum is obtained from the cross-sectional edges. The protruding
height of the edges ranges between 0.03 um and 0.55 pm. The
distance between adjacent protrusions is much smaller than that
between wrinkles shown in Fig. 1(a), while the individual graphene
layers can not be distinguished because of close stacking of the
layers. The density of as-prepared graphite sample is 2.19 g/cm?,
slightly smaller than 2.26 g/cm? of graphite.

Raman spectra shown in Fig. 2(a) further display the difference
between the basal plane and the cross-sectional edges. The D peak
(1350 cm™~') and the shoulder (1620 cm™~') next to G peak associ-
ated with topological and disorder defects, can been clearly seen
from spectrum of the edges [32], while hardly found from that of
the basal plane. The result indicates that the edges consist of a large
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Fig. 2. (a) Raman spectra of the basal plane and cross-sectional edges. Insets show the
optical micro photographs for each sample. Scale bars: 20 um. (b) XRD patterns ob-
tained from the basal plane and cross-sectional edges.

number of topological defects. The G (1580cm~!) and 2D
(2715 cm™!) peaks obtained from both the basal plane and the
edges are similar to those in graphite [32,33]. The asymmetric 2D
peak, especially from the basal plane, is a clear indication of Bernal
stacking [34]. The XRD patterns of the basal plane and edges are
shown in Fig. 2(b). The diffraction peaks of both samples are close
to those of 2H-graphite (JCPDS#41-1487). Two peaks correspond-
ing to (002) and (004) interlayer distances can be identified from
the basal plane, while (002), (100) and (110) planes are observed
from the edges. The fact that the strong diffractions of (100) and
(110) planes are only observed from the edges indicates the high-
order orientation of the graphite made from graphite oxide.

Fig. 3(a) shows the FE current density versus electric field (J-E)
curves measured from the basal plane and the edges. To investigate
the oxygen-doping effects on the graphene edges caused by
exposure of samples in anbience [35], another sample with edges
exposed in air for a month (named O-edges) was also measured for
comparison. From the J-E curves, the turn-on electric field (Et,)
(defined as the electric field corresponding to a FE current of 10 pA/
cm?)is 5.01,10.59, and 17.34 V/um, for the basal plane, edges and O-
edges, respectively. Accordingly, the threshold field (E,) (the field
corresponding to 1 mA/cm?) is 7.38, 13.12, and 25.16 V/um for the
basal plane, edges, and O-edges. The Eg, for basal plane is lower
than that of well-aligned graphene arrays [29] and few-layer gra-
phene film [11], but higher than the values reported for graphene
fins [14] and disordered monolayer graphene [12]. The Fowler-
Nordheim (FN) equation [36] is employed to further analyze the
FE behavior [37],
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(?=4.43 x 1077 eV2cm VL. The factor 8 (field enhanced factor)
indicates the amplifying aptitude of the emitter to the electric field,
and the parameter « is called the emission area efficiency, which is
defined as the ratio of the effective emission area to the geometrical
area of the emitter. Fig. 3(b) shows the FN curves (Ln(J/E%) versus 1/
E), from which § and « can be obtained by fitting the curves when @
is known. As we can see that, the FN plots for all three samples can
be fitted as two linear sections with distinct slopes in low-field (I)
and high-field (II) regions. A field emission tunneling dominates in
region I and hot electrons may be excited at high electric field
(region I) [ 13,14]. Thus the values of § and « are calculated from the
FN plots in Region I are shown in Table 1 by using the work function
values measured from UPS. As can be seen, the basal plane has the
largest 8 (1374) while the smallest emission area efficiency «
(1.24 x 10~3) among all samples, which manifests the relatively
smaller effective emission area of the basal plane. Based on the
estimation of the area of wrinkles from AFM image (the ratio of
wrinkle area to the geometrical area for the basal plane is
~1.00 x 1072), it can be inferred that the emission is mainly from
the wrinkles [12,14]. On the other hand, the bigger o value of edges
suggests that more than half of the edges are involved in electron
emission while with small emission current in average.

To investigate the roles of surface chemistry in addition to
geometrical morphology [13,23,24], XPS and UPS were carried out
on the samples and the spectra are shown in Fig. 4. From the XPS
spectra shown in Fig. 4(a), a prominent O 1s (533 eV) peak is
observed from the edges and O-edges, due to the existence of
oxygen-containing groups. The oxygen content for the basal plane,
edges and O-edges is estimated as 0.34 at. %, 4.71 at. % and 11.37 at.
%, respectively. The C 1s spectra in Fig. 4(b) show the main peak at
284.5 eV and a weak peak at 285.6 eV, corresponding to the sp? and
sp> carbon bonding respectively [38]. Those peaks with higher
binding energies, e.g., located at 287.0eV and 288.6eV are
considered from C-O and O-C=0 bonds [38,39]. These results show
the plenty of oxygen groups formed on the O-edges. The work
function (@) is estimated by analyzing the width between the
analyzer Fermi level (Efermi) and the high binding energy cutoff
(Ecutofr) from the UPS spectra in Fig. 4(c) [13,38]. Fig. 4(d) shows a
detailed spectra of cutoff region, and the method of Eyoff €stima-
tion has been described in previous report [40]. Among the three

Table 1
FE properties and work function of the graphite samples.
Samples Eto Ein B a(l) Efermi Ecutoff [
(V/um)  (V/um) (eV)  (eV) (eV)
Basal 5.01 7.38 1374 124x1073 292 1833 5.81
Edges 10.59 13.12 453 0.526 2.88 18.49 5.61
O-edges 17.34 25.16 304 0.094 2.89 17.81 6.30
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Fig. 3. (a) Field emission J-E curves, (b) Corresponding FN plots of the basal plane, cross-sectional edges and O-edges.
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Fig. 4. (a) XPS survey spectra, (b) C 1s XPS spectra, (c) UPS spectra, and (d) Detailed
spectra in the cutoff region for the basal plane, cross-sectional edges and O-edges.

samples, the fresh edges have the largest Eqyofr (18.49 eV), leading
to a work function (5.61 eV) smaller than that of the basal plane
(5.81 eV), which might be attributed to the armchair edge or H-
terminated carbon atoms in the edges [24,41]. Comparatively the
0O-edges have much larger @ (6.30eV) due to the oxygen groups,
consistent to previous reports [23,24], which may explain the
inferior FE performance of O-edges among the three samples.

4. Conclusion

In summary, the morphological and chemical factors influ-
encing FE properties of graphite made from GO have been inves-
tigated by comparing the performances of basal plane and cross-
sectional edges. Likely because of high-density adjacent edge sites
which interfere with each other, the edges have demonstrated
inferior FE performance even with the smaller work function. The
oxygen groups on the edges have further deteriorated the perfor-
mance. In contrast, the basal plane with sparse wrinkles has
demonstrated superior FE property, indicated by lower turn-on
field and threshold field, despite of the smaller area efficiency.
The result may shed light on the design of graphene- or graphite-
based FE cathodes for further improved performance in future.
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