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Despite the recent progress in the fabrication of field emitters based on graphene nanosheets, 

their morphological and electrical properties, which affect their degree of field enhancement as 

well as the electron tunnelling barrier height, should be controlled to allow for better field-

emission properties. Here we report a method that allows the synthesis of graphene-based 

emitters with a high field-enhancement factor and a low work function. The method involves 

forming monolithic three-dimensional (3D) graphene structures by the freeze-drying of a 

highly concentrated graphene paste and subsequent work-function engineering by chemical 

doping. Graphene structures with vertically aligned edges were successfully fabricated by the 

freeze-drying process. Further, their number density could be controlled by varying the 

composition of the graphene paste. Al- and Au-doped 3D graphene emitters were fabricated by 

introducing the corresponding dopant solutions into the graphene sheets. The resulting field-

emission characteristics of the resulting emitters are discussed. The synthesized 3D graphene 

emitters were highly flexible, maintaining their field-emission properties even when bent at 

large angles. This is attributed to the high crystallinity and emitter density and good chemical 

stability of the 3D graphene emitters, as well as to the strong interactions between the 3D 

graphene emitters and the substrate. 

 

Introduction 

Because graphene has a two-dimensional (2D) structure 

consisting of single-atom-thick layers and a high aspect ratio 

(ratio of the lateral size to the thickness) as well as high 

flexibility without significant degradation in electrical 

properties, it exhibits excellent field-emission characteristics. 

This makes it a good material for use as the emitter in field-

emission devices (FEDs).1,2 Since electrons are emitted 

primarily from the tops of the graphene edges, where the 

electric field is very strong during field emission,2,3 a 

prerequisite for the graphene structures used in  flexible FEDs 

is that the graphene be vertically aligned or at least protrude 

from the polymeric substrate. However, this is not a trivial 

requirement, because 2D graphene sheets tend to form parallel 

to the substrate during deposition. Therefore, a number of 

methods for fabricating vertically aligned graphene structures 

on substrates, such the electrophoresis of a charged graphene 

solution, the spin-casting of graphene/polymer composites, 

direct growth, self-assembly, filtering, and thermal welding, are 

being explored to develop high-performance graphene 

emitters.1,2,4–11  

In addition to this structural modification of graphene to 

maximize the field emissions from its edges, control over the 

work function of the intrinsic graphene is also important for 

controlling the field-emission characteristics, because the 

physical properties of the emitter material have a significant 

effect on the tunnelling barrier at the interface between the 

material surface and vacuum. Chemical doping can be a useful 

approach for modulating the work function of graphene because 

the intrinsic Fermi level of graphene can be readily shifted, 

owing to charge transfer between the dopant and graphene.12–17 

However, only the effects of varying the work function on the 

electrical properties, conductivity, and charge density have 

been studied, and its influence on the field-emission properties 

has not been investigated adequately.  

Further, electron emitters that exhibit long-duration and 

stable emissions are a prerequisite for high-quality FEDs 

suitable for practical use, because nanocarbon-based electron 

emitters are easily damaged by the bombardment of ions of the 

residual gas species, which are degassed from the getters, inner 

walls, and phosphors.18 This results in degradation of the field-

emission properties such as the brightness, uniformity, and 

lifetime. To prevent this, thin films of semiconducting metal 
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oxides with low gas permeabilities can be used as protection 

layers for graphene-based field emitters. 

This study had three main aims. The first was to enhance 

the field emissions from graphene-based electron emitters by 

using three-dimensional (3D) monolithic graphene structures 

with random micropores formed by the freeze-drying of highly 

concentrated water-based reduced graphene oxide 

(rGO)/polymer pastes. The aligned porous structures with 

numerous sharp graphene edge sites were produced by the 

phase separation of water and the polymer owing to the 

Mullins-Sekerka instability and the growth of ice cells.19,20 The 

second was to modulate the work functions of the 3D rGO 

electron emitters via chemical doping. The effects of this work-

function engineering on the field-emission characteristics were 

investigated. The third was to enhance the stability of the 

emissions of the 3D rGO electron emitters. This was 

accomplished by forming a protective zinc oxide (ZnO) layer. 

By achieving these goals, we were able to synthesize flexible 

high-performance nanocarbon-based field emitters.  

Results and discussion 

Highly concentrated water-based rGO pastes (see Fig. 1a) could 

be prepared, owing to the monovalent cation-π interactions of 

the rGO sheets, as has been reported previously.21 The rGO 

nanosheets were approximately 10 µm2 in size and ~1 nm in 

thickness, which corresponded to a single layer of graphene, as 

shown in the inset. Owing to the cation-π interaction between 

the monopoles (Na+ and K+ ions) and quadrupoles (aromatic π 

system), the rGO films exhibited an electrical conductivity of 

~100,000 S/m. This was because of the effect of the doping of 

monovalent ions in the rGO sheets as well as the high 

dispersion stability of the ions in the solution. A 3D porous 

rGO structure22–24 was prepared by the simple bar coating of the 

rGO paste and its subsequent freeze-drying, as illustrated in Fig. 

1b. During the bar-coating process, the thickness of the layer of 

rGO paste was controlled by the height of the template. To 

increase the viscosity and printability of the rGO paste, 1 wt% 

sodium carboxymethylcellulose (SCMC) was added to it. 

SCMC, a water-soluble polymer, is an ionic polysaccharide 

derived from cellulose and contains numerous hydroxyl and 

carboxylic acid moieties, which provide strong physical 

bonding to the polymer matrix because of the substituted 

sodium ions. Moreover, SCMC is employed as a flow enhancer, 

stabilizer, and as a binding, suspending and thickening 

agent.25,26 Subsequently, freezing was performed by immersing 

the bar-coated layer of rGO paste in a liquid nitrogen bath. 

During the freezing process, ice crystals grew and the 

rGO/SCMC mixture was removed from the frozen water until 

the sample was completely frozen. Because the rGO/SCMC 

mixture had an extremely low solubility in the ice crystals, a 

gradient in the concentration of the rGO/SCMC mixture was 

created. The concentration of the rGO/SCMC mixture ahead of 

the ice front increased.27 This reduced the melting point of the 

solution, resulting in the formation of a constitutional 

supercooling zone. This broke the planar interface, and the ice 

cell could grow vertically.28 This phenomenon is called the 

Mullins–Sekerka instability, according to which the primary 

ice-template structure is dependent on the interfacial 

concentration gradient of the destabilizing solute and the 

surface energy opposing cell formation. The extremely low-

temperature freezing using liquid nitrogen at –196 °C, which is 

well below the glass transition temperature of water (–137 °C), 

results in the rapid formation of ice nuclei and hence the growth 

of relatively small ice crystals. After the sublimation of the 

vertically grown ice crystals by vacuum drying, monolithic 3D 

rGO structures with cylindrical pores (Fig. 1d) could be 

obtained. Figure 1c shows foam-like macrostructures consisting 
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of uniformly distributed rGO sheets strongly attached on the 

flexible substrate. The 3D rGO structure was mechanically 

robust, flexible, and easy to handle. Although the randomly 

distributed pores on the top surface of the 3D rGO structure 

were several tens of micrometres in size (Fig. 1e), the pore 

walls had numerous sharp edges, which were a few hundred 

nanometres in size (Fig. 1f). The size, shape, and homogeneity 

of these pores could be adjusted by choosing different freezing 

temperatures, solution concentrations, and solvents. The 

protruding nanometre-sized rGO tips readily emitted electrons 

under a strong electric, owing to high field enhancement. These 

sharp edges were mainly composed of stacked structures 

consisting of the rGO nanosheets, as shown in Fig. 1g.  

Figures 2a–e show the surface morphologies of the 3D rGO 

structures fabricated by the freeze-drying method for different 

rGO concentrations. The 3D rGO structure corresponding to an 

rGO concentration of 5 g/L had irregular-shaped pores with an 

average size of 69.2 µm (Fig. 2a). The pores of the 3D rGO 

structures gradually decreased in size and became spherical as 

the concentration of rGO was increased. This was because it 

became increasingly difficult for ice crystals to form in the 

presence of impurities (in this case, the rGO/SCMC mixture); 

this was in keeping with previous results.29 Finally, the size of 

the pores decreased to 18.4 µm at an rGO concentration of 25 

g/L (Fig. 2e). The average pore size of the synthesized 3D rGO 

structures is shown as a function of the rGO concentration in 

Fig. 2f.  

The electron field emissions of the 3D rGO emitters were 

investigated using a diode-type device, which was placed 

within a vacuum chamber and subjected to a dc bias. 

Polyethylene terephthalate (PET, 200 µm in thickness) and 

ITO-coated glass substrates were used as the spacer and anode, 

respectively. To remove the emission noise and instabilities, 

electrical aging involving several steps (I–V sweeping and high-

voltage annealing) was performed until the emission currents 

showed negligible fluctuations. The current density–electric 

field (J–E) characteristics of the 3D rGO emitters are shown in 

Fig. 2g. The 3D rGO emitter prepared using an rGO paste with 

a concentration of 15 g/L (pore size of 36.9 µm) displayed the 

lowest turn-on field (Eto: 1.32 V/µm at 10 µA/cm2) and 

threshold field (Ethr: 1.92 V/µm at 1 mA/cm2). Further, these 

values were much lower than those previously reported for 

graphene and graphite sheet emitters.1,2,30,31 These results are 

probably attributable to the high density of the sharp-tipped 3D 

rGO structures as well as the moderate size of their pores. The 

edges of the graphene sheets provide the principal electron-

emission sites under field-emission conditions.1–3 The turn-on 

and threshold fields were found to be much higher for flat-

structured 2D rGO films than for the sharp-tipped 3D rGO 

structures. It is known that electron emission can be enhanced 

by increasing the aspect ratio of the emitter; however, it is 

reduced by the field-screening effects arising from the field 

penetration of the emitters.32–34 It is, therefore, necessary to 

optimize the density of the edge sites of the graphene emitter to 

achieve maximum electron emission. Field emission is 

generally analyzed using the Fowler–Nordheim (F–N) theory, 

which describes the tunnelling of electrons through a potential 

barrier formed at the interface between a solid surface and a 

vacuum.35 The F–N theory states that the geometrical field-

enhancement factor of an emitter is inversely proportional to 

the slope of the F–N plot (β = − BΦ1.5S−1, where Β is a constant, 

Φ is the work function, and S is the slope). Figure 2h shows the 

F–N plots of the fabricated 3D rGO emitters, which had 

different pore sizes. Because we used homogeneous rGO sheets 

to prepare the 3D rGO structures for the field emitters, the work 

functions of all the 3D rGO emitters were assumed to be similar. 
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Thus, the field-enhancement factor of the 3D rGO emitter 

prepared using the 15 g/L rGO paste was the largest. A linear 

extrapolation of the field-enhancement factors, shown in Fig. 2i, 

indicated that the maximum field-enhancement factor was 4648. 

The field enhancement factor was calculated from the F-N 

equation with the work function (4.53 eV, extracted from the 

UPS data of Fig. 3c) of the 3D rGO emitters and the constant F-

N slope in the low current region. This value was much higher 

than those of graphene and thin graphite sheets reported 

previously.1,2,30,31 This high field enhancement factor allows for 

sufficient tunnelling of electrons, resulting in high field 

emission characteristics. 

As indicated by the F–N equation, the work function affects 

the field-emission characteristics. Small work functions result 

in low barrier heights such that electron tunnelling is enhanced 

for an applied electric field, which leads to good field-emission 

characteristics. In order to modulate the work function of the 

3D rGO emitters, chemical doping was performed using AuCl3 

as a p-type dopant and AlCl3 as an n-type dopant. Figure 3a 

shows the Raman spectra of the doped and undoped 3D rGO 

samples. The 2D peaks (which represent two-phonon inelastic 

scattering) at approximately 2650 cm−1, which were symmetric 

and did not contain any shoulders, were indicative of single-

layered graphene. The intensity ratio of the 2D to G (I2D/IG) 

bands for the undoped 3D rGO emitter was 0.73; this decreased 

to 0.28 after Au doping and to 0.37 after Al doping. These 

values were in accordance with the previous results, which 

suggested that the intensity of the 2D peak of doped graphene is 

significantly lower than that of the peak of undoped graphene, 

irrespective of the dopant used.36 Moreover, the position of the 

2D peak of doped 3D rGO samples was shifted with respect to 

the peaks of the undoped 3D rGO samples; this could be 

explained by electron−phonon coupling. Phonon hardening by 

charge transfer from graphene to Au3+ results in an upshift in 

the Raman 2D peak, whereas phonon softening by charge 

transfer from Al0 to graphene results in a downshift of the 2D 

peak.12,37 

The effects of doping on the electronic structure of the 3D 

rGO samples were also investigated using X-ray photoemission 

spectroscopy (XPS) analysis, as shown in Figs. 3b and S1. The 

carbon C1s peak at 284.4 eV for sp2 carbon in the case of 

undoped 3D rGO was shifted by 0.3 eV to a lower binding-

energy level upon Au doping and by 0.2 eV to a higher 

binding-energy level upon Al doping, without there being a 

significant change in the relative atomic percentages of the 

oxygen-related functional groups. This change in the position 

of the C1s peak was related to a shift in the Fermi level of the 

3D rGO originating from charge transfer from the rGO to the 
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dopant molecule (and vice versa).38–40 As a consequence, the 

work function of the 3D rGO was modulated, as can be seen 

from the ultraviolet photoelectron spectroscopy (UPS) results in 

Fig. 3c. The work function, Φ, can be determined from the 

secondary electron threshold energy as follows: Φ = hν – EF + 

Ecutoff, where hν, EF, and Ecutoff are the photon energy of the 

excitation light (21.2 eV), the Fermi level edge (23.5 eV in this 

study), and the inelastic high-binding-energy cutoff, 

respectively. Ecutoff was determined by linearly extrapolating the 

high-binding-energy cutoff region of the UPS spectra. The 

Ecutoff value of undoped 3D rGO was determined to be 

approximately 6.83 eV, which corresponded to a work function 

of 4.53 eV and was similar to that reported previously.15,41,42 

The work function of 3D rGO increased to 4.76 eV upon Au 

doping and decreased to 4.25 eV upon Al doping. The 

measured shift (∆Φ = 0.51 eV) was owing to a change in the 

Fermi level of 3D rGO because of the charge transfer that 

occurs upon doping, as shown in Figs. 3a and 3b.  

The J-E characteristics of the doped and undoped 3D rGO 

emitters are shown in Fig. 3d. The tip morphology and the size 

of pores of the undoped 3D rGO emitters are similar to that of 

undoped one, as shown in Fig. S2. The Al-doped rGO emitters 

exhibited a turn-on field (Eto: 1.07 V/µm) and a threshold field 

(Ethr: 1.70 V/µm) that were lower than those of the undoped 

rGO emitters (Eto: 1.32 V/µm; Ethr: 1.92 V/µm). As mentioned 

previously, the work function and field-enhancement factor of 

the emitter affect the potential barrier formed at the interface 

between the metal surface and vacuum. Therefore, to ensure a 

high emission current, the emitter should have a low work 

function and sharp tips so that the field-enhancement factor is 

high. This explains why the Al-doped 3D rGO emitter exhibited 

lower turn-on and threshold fields than did the undoped 3D 

rGO emitter. It is interesting to note that the turn-on field (Eto: 

1.37 V/µm) and threshold field (Ethr: 1.96 V/µm) of the Au-

doped 3D rGO emitter were similar to those of the undoped 

RGO emitter. Since the work function of the Au-doped 3D rGO 

emitter was higher than that of the undoped 3D rGO emitter, as 

shown in Fig. 3c, the field-emission characteristics of the Au-

doped 3D rGO emitter were poorer than those of the undoped 

3D rGO emitter. This may be attributed the conductivity of the 

Au-doped 3D rGO being higher than of the undoped 3D 

rGO.43−45  

The emission stabilities of the 3D rGO emitters in vacuum 

and in an O2 environment are shown in Fig. 3e. When the 

emitters were initially placed in vacuum, over the first 2 h, the 

current density decreased slightly (by 10%). However, it 

decreases significantly (by 70%) after exposure to O2 and failed 

to recover to its initial value even after the complete removal of 

O2. This could be ascribed to the bombardment of the ions of 

the oxidative gas species under the high electric field, as is the 

case with SWNT emitters.46,47 This instability of the emission 

current can be prevented by forming a coating of a ZnO sol as a 

protective layer. ZnO is an n-type semiconductor with a wide 

band gap, is conductive, and has a low resistivity (of order of 

10–2 to 10–3 Ω cm).48−50 The formation of a ZnO protective 

layer was facilitated by hydrogen bonding between the amine 

groups of the ZnO sol and the carboxyl groups of the rGO 

nanosheets. Indeed, the stability of the emission current 

improved drastically after the formation of a ZnO protective 

layer on the 3D rGO emitters. Unlike the emission currents of 

the uncoated 3D rGO emitters, those of the ZnO-coated 3D 

rGO emitters were slightly lower during O2 exposure but 

recovered fully to their initial values after the removal of O2. 

This might be due to the protection of the emission sites of the 

3D rGO emitters from reactive-ion bombardment, because ZnO 

is known to be robust and inert. 

Figure 4 shows the field-emission characteristics of the 

flexible 3D rGO emitters. In this case, the emitters were 

fabricated by the freeze-drying of the Al-doped rGO paste 

coated on PET substrates. A 500-mm-thick PET film was used 

as the spacer and a white phosphor-coated SWNT layer on a 

PET substrate was used as the anode, as shown in the inset of 

Fig. 4a.51 The dc-pulse mode (duty cycle of 20%) was used to 

minimize structural damage to the emitters and to prevent 

changes to the polymer anode substrate by the high emission 

current. Figures 4a and 4b show the I–E and the corresponding 

F–N plots for different bending angles, respectively. The 

current density of the flat system was ~0.3 mA/cm2, while it 

was 0.27 mA/cm2 for a bending angle of 60° at 1.42 V/µm. 
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However, when the sample was allowed to return to its original 

shape, the emission current density returned to its original value, 

too. The slopes of the linear F–N regions were also quite 

similar, regardless of the bending angle. This stable emission is 

likely owing to the strong adhesion of the 3D rGO emitters to 

the SWNT-coated PET substrate through strong π–π 

interactions and because of the flexibility of the 3D rGO 

emitters. An image of the emission from a 3D rGO emitter bent 

at an angle of 30° is shown in the inset of Fig. 4b; the applied 

electric field and emission current density were 1.38 V/µm and 

0.25 mA/cm2, respectively. It can be seen clearly that the 

electron emission was bright over the entire sample, indicating 

that the 3D rGO structures were highly crystallized with 

abundant sharp edges and that there were strong interactions 

between the rGO emitters and the substrate upon bending. 

Conclusions 

We fabricated highly efficient flexible field emitters via the 

freeze-drying of rGO pastes. The emitters were based on 

monolithic 3D rGO structures that had protruding tips at the 

pore edges of the top surface. The pore size and uniformity 

could be effectively controlled by varying the composition of 

the rGO/SCMC paste. The density of the protruding graphene 

edges increased with an increase in the rGO concentration; 

however, good field-emission characteristics were achieved 

even at moderately high rGO concentration, owing to the field-

screening effect. Al doping decreased the work function of the 

3D rGO emitters, which resulted in better field-emission 

characteristics compared to those of the emitters subjected to 

Au doping as well as the undoped ones. The stability of the 

current of the 3D rGO emitters was enhanced by forming a 

simple coating of ZnO on them. The ZnO layer protected the 

emission sites of the 3D rGO emitters from the bombardment of 

the reactive ions of the oxidative gas species. The field 

emission of the flexible 3D rGO emitters was stable even at 

high bending angles. This stability was attributed to the high 

crystallinity and emitter density and good chemical stability of 

the 3D rGO emitters, as well as to the strong interactions 

between the 3D rGO emitters and the substrate. 

 

Experimental 

Preparation of highly concentrated water-based rGO paste 

A modified Brodie method was used to synthesize graphite 

oxide (GO).52 Pure graphite (2g, Alfa Aesar, 99.999% purity, –

200 mesh) was mixed with fuming nitric acid (30 mL) and 

sodium chlorate (14 g) at room temperature and stirred for 48 h. 

After the synthesized GO had been washed, a suspension of it 

was formed in water. The prepared GO (50 mg) was mixed in 

an aqueous KOH (50 mL) with a pH of 10. The GO was then 

exfoliated and dispersed using a homogenizer (Unidrive X1000, 

CAT Scientific) at  12,000 rpm for 2 h.53 The GO solution was 

then kept for 6 h under ambient conditions to activate the 

cation–π interactions.21 Aqueous hydriodic acid (5 mL, HI acid, 

Aldrich, 55%, 1 mM) was added to reduce the GO.54 The 

mixture was stirred in a homogenizer at 10,000 rpm for 3 h. 

After being neutralized and centrifuged, the resulting rGO 

paste-like sediment was decanted.  

Fabrication of a monolithic 3D rGO emitter 

rGO pastes of different concentrations were mixed with 1 wt% 

sodium carboxymethylcellulose (SCMC, Aldrich, molecular 

weight: 700 K) in a vortex mixer (Wisd VM–10, Daihan 

Scientific Co.) for 30 min. Small amounts of the rGO pastes 

were then placed on different substrates, such as indium tin 

oxide (ITO)-coated glass and single-walled carbon nanotubes 

(SWNTs)-coated PET, and the substrates were bar coated as 

shown in Fig. 1b. Subsequently, the paste was freeze dried at –

196 °C for 30 min using liquid nitrogen and vacuum dried at 

~10–2 Torr overnight to sublimate the ice crystals. For chemical 

doping, an aqueous 1 mM solution of gold chloride (AuCl3) and 

aluminium chloride (AlCl3) was mixed with the rGO 

paste/SCMC mixture. This procedure was performed to 

synthesize doped 3D rGO emitters. Fabrication of the ZnO 

protective layer was conducted by a spray coating of ZnO sol 

on the undoped 3D rGO emitters. The ZnO sol was prepared 

using diethanolamine as a stabilizer. Anhydrous zinc acetate 

(6.6 g) and diethanolamine (3.15 g) were stirred in isopropyl 

alcohol for 30 min. The ZnO sol (20 mL) was deposited on the 

3D rGO emitters using an automatic spray coater (NCS-400) 

with a 1.2 mm nozzle diameter. 

Characterisation 

The morphologies of the 3D rGO structures were imaged using field-

emission scanning electron microscopy (FESEM, Hitachi S4800) 

and transmission electron microscopy (TEM, FEI Tecnai G2 F20) at 

an acceleration voltage of 120 kV. The pore size distribution was 

measured by image analysis software (Gwyddion version 2.4). The 

structural characteristics as well as the effects of the doping of the 

3D rGO emitters were investigated using confocal Raman 

spectrometry (NT–MDT, NTEGRA Spectra), which was performed 

at an excitation wavelength of 532 nm. To confirm the changes in 

the C1S peaks of the doped 3D rGO emitters, XPS (Multilab2000, 

Thermo VG Scientific Inc.) was performed using monochromatized 

Al-Kα X-ray radiation. The power was set to 150 W and the voltage 

to 20 eV to allow for high-resolution scanning; a beam with a 

diameter of 500 µm was used. The work function was measured 

using UPS, which was performed with a spectrometer equipped with 

a hemispherical energy analyzer (SES-100, Scienta) and a He I 

discharge lamp. 
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