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A B S T R A C T

The field emission properties of double-walled carbon nanotubes (DWCNTs) were remark-

ably improved by decorating their surface with ruthenium (Ru) metal nanoparticles. The Ru

nanoparticles were attached effectively on the surface of DWCNTs via a chemical proce-

dure. The Ru-decorated DWCNTs showed lower turn-on voltage, higher emission current

density, and improved emission uniformity compared with pristine DWCNTs. The effect

of Ru nanoparticles on the work function and density of states was evaluated by the

first-principles calculation. The enhanced field emission properties of Ru-DWCNTs were

mainly attributed to the Ru nanoparticles which increased the field enhancement factor

and the density of emission sites. Our results indicate that the Ru-decorated DWCNTs

can be used as an effective field emitter for various field emission devices.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Electron field emission from carbon nanotubes (CNTs) has

been studied extensively since the discovery of CNTs was re-

ported in 1991 [1–5]. Due to the high-aspect ratio, excellent

electrical property, and good mechanical stiffness, CNTs

has been considered as an ideal candidate for various field

emission applications such as lamps and flat panel display

devices [6,7], X-ray tubes [8,9], vacuum gauges [10], and

microwave amplifiers [11]. For practical CNT-based field

emission devices, it is necessary to improve the emission

current density, uniformity, and stability. To achieve high

emission performance from CNT emitters, various methods

such as surface treatment of the CNT emitters [12–14], dop-

ing of CNTs with nitrogen [15,16], and utilizing vertical

aligned CNT arrays [17] have been studied. Among these var-
er Ltd. All rights reserved
).
ious techniques, coating the surface of CNTs with other

materials has been studied as one candidate to improve field

emission properties. The CNTs coated with low work func-

tion materials such as LaB6, Cs, or Hf showed lower turn-

on field than that of the pristine CNTs [18–20]. Moreover,

CNTs coated with nanoparticles such as RuO2, ZnO, and Ti

nanoparticles also indicated improved field emission proper-

ties [21–25]. Recently, CNTs coated with ruthenium (Ru)

nanoparticles showed enhanced catalytic effect due to high

density active sites [26–28]. Ru nanoparticles can be easily

coated onto CNTs via chemical methods, and Ru is more sta-

ble than the low work function alkali metals when exposed

to oxygen. Moreover, the melting point of Ru (2607 �C) is

much higher than that of RuO2 (1200 �C). Therefore, it would

be interesting to investigate the field emission properties of

Ru-coated CNTs.
.
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In this work, we report the effect of Ru nanoparticle coat-

ing on the improved field emission properties of double-

walled CNTs (DWCNTs). We also explain the enhanced field

emission properties of Ru nanoparticles-coated DWCNTs

(Ru-DWCNTs) using first-principles calculations of the work

function and the density of states (DOS).
Fig. 1 – Schematic of field emission measurement setup.
2. Experimental

2.1. Coating of Ru nanoparticles on DWCNTs

The coating of Ru nanoparticles onto the DWCNTs was per-

formed using the following procedure. First, 0.0182 g of

DWCNTs were added to a solution of polyvinylpyrrolidone

(PVP) (Aldrich, MW 10,000) in 10 mL ethylene glycol (Aldrich,

anhydrous 98%), and dispersed by ultrasonication for

30 min. Then, 3.2 · 10�4 mole of RuCl3 (mole ratio of PVP/

RuCl3 = 0.02) was added to the dispersed solution, which

was then stirred at 180 �C for 1 h, followed by rapid cooling

to room temperature and ultrasonication for 30 min. During

this process, RuCl3 was reduced to Ru as described by the

chemical Eqs. (1) and (2). After the above procedure, in order

to remove residual impurities, acetone was added to the solu-

tion and was dispersed by a centrifugal separator at

17,000 rpm for 15 min. The same process was repeated once

using distilled water instead of acetone. Finally, the resulting

solution was freeze–dried to obtain Ru-DWCNTs.

2CH2OH� CH2OH! 2CH3CHOþ 2H2O ð1Þ

6CH3CHOþ 2RuCl3 ! 3CH3CO� COCH3 þ 2Ruþ 6HCl ð2Þ

The microstructure of DWCNTs before and after Ru coat-

ing was characterized by high-resolution transmission elec-

tron microscopy (HRTEM). The chemical state of the

nanoparticles was further characterized by X-ray photoelec-

tron spectra (XPS) and X-ray diffraction (XRD). To investigate

the effect of the coating procedure on the structure of the

DWCNTs, microscopic Raman scattering was carried out at

room temperature using Ar+ laser excitation at a wavelength

of kel = 514.5 nm.

2.2. Measurement of field emission properties

The field emission measurements were performed in a

vacuum chamber at 1 · 10�7 Torr using the diode configura-

tion. The field emitters using Ru-DWCNTs were fabricated

by the following method. Firstly, Ag paste about 50 lm-thick

was pasted on the 1 · 1 cm2 Ti (200 nm)/Cr (300 nm)/n-Si sub-

strates. While the Ag paste was still wet, the Ru-DWCNTs or

pristine DWCNTs were deposited on the substrate through a

mesh with holes of 30 lm. In this way, the CNTs can be dis-

tributed uniformly on the substrate. The thickness of the

DWCNT films on the Ag paste is about 30 lm. The substrate

deposited with DWCNTs was then dried in air for 30 min

and then baked at 80 �C for 20 min in order to obtain good

mechanical adhesion and ohmic contact between the

DWCNTs and the substrate. The anode was a piece of cylin-

der-shaped stainless steel with a diameter of 5 mm. The gap

between the cathode and the anode was 270 lm. Fig. 1 shows
the detailed schematic of the apparatus of field emission

measurement. To evaluate the emission uniformity, a phos-

phor-coated indium-tin-oxide/glass substrate was used as

an anode to observe the light emission patterns.

3. Results and discussion

3.1. Physical properties of Ru-DWCNTs

We used HRTEM to characterize the microstructure of Ru-

DWCNTs. Fig. 2a shows the HRTEM image taken from the

pristine DWCNTs. The inset of Fig. 2a clearly shows that

two CNTs have two graphene layers and reveals that the

DWCNTs have diameters about 5 nm. After the Ru coating

process, the DWCNTs were found to be decorated with quite

uniform-sized particles on their outer surfaces, as shown in

Fig. 2b and c. It is considered that the Ru nanoparticles may

be selectively attached on the defect sites of the CNTs [29].

In the inset of Fig. 2c, the selected area electron diffraction

(SAED) of these Ru nanoparticles presents characteristic dif-

fraction circles of metallic Ru. The concentric rings shown

in the diffraction pattern indicate that the metallic Ru nano-

particles are composed of fine crystallites and are oriented

randomly on the CNT surface [27]. The size distribution of

the Ru nanoparticles is summarized in Fig. 2d, showing that

the diameters of most of the nanoparticles are about

2.2 nm. From TEM observations in Fig. 2a and c, we can sug-

gest that there is no significant change in the structure of

DWCNTs after the Ru coating process.

XPS and XRD measurements were performed to character-

ize the chemical state of the nanoparticles. Fig. 3a shows the

Ru 3p region of the XPS spectrum from the Ru-DWCNTs. The

binding energies of Ru 3p3/2 at 461.0 eV and Ru 3p1/2 at

483.2 eV correspond to the photoemission from metallic Ru

[30]. Additionally, the major diffraction peaks from nanoparti-

cles were observed in the X-ray powder diffraction 2h scan, as

shown in Fig. 3b. The peaks at 44.0�, 38.4�, and 42.2� corre-

spond to the typical crystal faces (101), (100), and (002) of

metallic Ru. Therefore, the nanoparticles on the outer sur-

faces of the DWCNTs are clearly confirmed to be metallic Ru.

The Raman spectra from the DWCNTs before and after the

Ru decoration process are shown in Fig. 4. The Raman spectra



Fig. 2 – HRTEM image of DWCNTs. (a) Before Ru coating; (b) and (c) after Ru coating. The inset in (c) shows the SAED of the Ru

nanoparticles; (d) shows the size distribution of the Ru nanoparticles on DWCNTs.
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Fig. 3 – XPS spectrum and XRD pattern of the Ru-DWCNTs: (a) Ru 3p region of the XPS spectrum; (b) XRD pattern, indicating the

peaks from metallic Ru.
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show a very similar peak arrangement regardless of Ru deco-

ration on the surface of DWCNTs, consisting of the radial

breathing mode (RBM) at 100–300 cm�1, the G-band around

1580 cm�1, and the D-band around 1350 cm�1. The inset of

Fig. 4 shows a magnified Raman spectrum in the low fre-

quency region of 100–300 cm�1. The RBMs exhibit several

peak components, which is a typical characteristic of

DWCNTs [31]. Despite the decoration of Ru nanoparticles on

the surface of DWCNTs, the Raman spectrum shows an inten-

sity ratio of IG/ID about 15, indicating a low defect level in the

graphene structure of DWCNTs. The similarity between the
Raman spectra patterns from the two kinds of DWCNTs,

especially the full width half-maximum of D-band and G-

band peaks, implies that the Ru coating process induces no

significant damage to the crystalline structure of DWCNTs.

3.2. Field emission properties of Ru-DWCNTs

Fig. 5a shows dramatically improved field emission from

the Ru-DWCNTs. As compared with the pristine DWCNTs,

the turn-on electric field (Eto) of Ru-DWCNTs corresponding

to 10 lA/cm2 is lowered from 2.5 to 1.3 V/lm, and the thresh-
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Fig. 4 – Raman spectra taken from the DWCNTs before and

after Ru coating. The inset is the magnified RBM peak

structure of Raman spectra in the range of 100–300 cm�1.
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old electric field (Eth) corresponding to 1 mA/cm2 is decreased

from 6.5 to 3.9 V/lm. The values of Eto and Eth from DWCNT

emitters are quite diverse in the literature due to the different
Fig. 5 – (a) The field emission I–V characteristic of DWCNTs with

F–N plots, with the slope indicated by the straight line. Emissio

2.96 V/lm, (c) pristine DWCNTs with 0.4 mA/cm2 @ 5 V/lm, and

the CNT cathode was 15 mm.
synthesis techniques of DWCNTs and emitter structures. The

typical range of Eto and Eth for DWCNTs are 1–2 and 1.7–5 V/

lm, respectively [32,33]. In this study, the decoration of Ru

nanoparticles effectively lowered Eto and Eth of DWCNTs,

and their values from Ru-DWCNTs are relatively low as com-

pared to the reported values from other DWCNTs. Regarding

the dependence of coating materials, up to now there has

been no report related to coated-DWCNTs. For MWCNT thin

film field emitters, SiO2� and MgO-coated MWCNTs showed

Eto of 2.7 V/lm and 4.8 V/lm, respectively [34]; Hf-coated

CNTs showed Eth of 3.1 V/lm [20]. Therefore, our Ru-DWCNTs

field emitters can be operated at similar or lower electric field

as compared with other coated-CNTs.

The corresponding Fowler–Nordheim (F–N) plots of the I–V

curves are shown in the inset of Fig. 5, where the straight

lines indicate the field emission characteristics. The semi-log-

arithmic form of the F–N equation is expressed as:

lnðJ=F2Þ ¼ lnðab2=/Þ � ðb/3=2=bÞð1=FÞ ð3Þ

where J is the current density, a = 1.54 · 10�6 (A V�2 eV),

b = 6.83 · 109 (eV�3/2 V m�1), b is the field enhancement factor,

u is the work function of the emitter, and F is the applied

macroscopic electric field. According to Eq. (3), if we assume
and without Ru nanoparticle coating. The inset shows the

n patterns from (b) pristine DWCNTs with 0.05 mA/cm2 @

(d) Ru-CNTs with 0.4 mA/cm2 @ 2.96 V/lm. The diameter of
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the work function of the DWCNT to be 4.5 eV, the field

enhancement factor calculated from the slope of the F–N plot

is 1349 and 2231 for the pristine DWCNTs and Ru-DWCNTs,

respectively. In this work, it is considered that the difference

in morphology between the two kinds of DWCNTs is not sig-

nificant because we fabricated the DWCNT emitters using the

same fabrication process. Thus, it is suggested that the en-

hanced field emission properties of Ru-DWCNTs are mainly

attributed to the Ru nanoparticles on the surface of DWCNTs.

It is noteworthy that the field enhancement factor of Ru-

DWCNTs can be higher due to the increased aspect ratio as

compared with the pristine DWCNTs.

In addition to the improved field emission I–V characteris-

tics, better emission uniformity is observed from the emis-

sion pattern of the Ru-DWCNT emitter, as shown in Fig. 5d.

As compared with the emission pattern of pristine DWCNT

(shown in Fig. 5b) at same applied field of 2.96 V/lm, it is obvi-

ous in Fig. 5d that the density of field emission sites increased

after Ru nanoparticle coating. Similarly, at same emission

current density of 0.4 mA/cm2, the Ru-DWCNT emitter also

has higher density of emission sites than the pristine

DWCNTs (shown in Fig. 5c). The estimated emission site den-

sity from the Ru-DWCNT emitter is about 1.5 · 103/cm2, which

is comparable to the high emission site density from a well

treated uniform CNT emitter [35]. The increased emission

sites are mainly caused by the Ru nanoparticles-coated on

the surface of DWCNTs.

We also compared the emission stability of Ru-DWCNTs

with that of pristine DWCNTs at 1 mA/cm2 under dc voltage

supply for 20 h. If the lifetime is defined as a time span to

reach the half of the initial current density, the lifetime of

Ru-CNTs is about 20 h as compared with 10 h from the pris-

tine CNTs. We also tested several emitters made from each

type of CNTs, and the results are similar. It should be noted

that the lifetime measurement was performed under dc volt-

age supply, which is much sever than the pulsed voltage con-

ditions used by several other groups. Although, the Ru-CNTs

studied in this work still shows degradation over long time

operation, it is acceptable to real application of field emission

devices. In this work, we can confirm obviously increased
Fig. 6 – Lifetime comparison between pristine CNTs and Ru-

CNTs. Measurements are performed at 1 mA/cm2 under dc

voltage for 20 h.
emission stability from the Ru-CNT emitter compared with

the pristine CNT emitter as shown in Fig. 6. The elongated

lifetime of the Ru-CNT emitters is considered due to the pro-

tection effect of Ru nanoparticles against oxygens since they

prefer to attach on the defect sites of CNT sidewalls. It is ex-

pected that with further optimization of the coating process

and Ru nanoparticles density on the surface of CNTs, the field

emission performance of Ru-CNTs can be further improved.

3.3. First-principles calculations

To investigate the microscopic origin for the enhanced

field emission from Ru-DWCNTs, we carried out the first-

principles calculations using the VASP code [36,37]. First, we

investigated the DOS near Fermi level when Ru atoms are at-

tached on a (5,5) CNT, and the results are shown in Fig. 7. For a

realistic description of the field emission, we applied an elec-

tric field of 5 V/nm and used localized atomic orbitals [25]. It is

obvious that the DOS is significantly increased when Ru

atoms are attached. This implies that Ru particles can encour-

age field emission when they are present on the DWCNTs.

This result agrees well with the lower turn-on voltage and

the higher density of emission sites from Ru-DWCNTs as

shown in Fig. 5a and d.

Next, the change of work function was examined as the Ru

particles were attached to the sidewall of (5,5) CNT, as shown

in Fig. 8. Because of periodic boundary conditions employed

in the calculation, the Ru particles are repeated every three

unit cells. From a comparison of total energies at various

positions, it was found that the Ru atom is most stable when

it is above the center of the hexagon, as in Fig. 8a. In Fig. 8a

and c, either a Ru atom or a Ru4 cluster is attached to every

three unit cells, whereas four Ru atoms are attached in

Fig. 8b. In this way, we examined the effect of the size of Ru

particle (Fig. 8a and c) and the density of Ru particle (Fig. 8a

and b) on the work function. The work function for these

model structures is summarized in Table 1. It is seen that

the work function is lowered due to the charge transfer be-

tween the CNT and the Ru atoms or clusters. We note that

if the change in the slope of F–N plot shown in Fig. 5a is only

due to a lowered work function, the work function of Ru-
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Fig. 8 – The unit cell of a (5,5) CNTwith the Ru attachment types. (a) One and (b) four Ru atoms are attached. (c) A Ru4 cluster is

adsorbed.

Table 1 – The work function for model structures in Fig. 8.

Adsorption type Clean Ru 4Ru Ru4

Work function (eV) 4.48 4.02 3.53 4.04
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DWCNTs calculated using Eq. (3) should be about 3.2 eV,

which is lower than the predicted values (4.02 or 3.53 eV)

shown in Table 1. This suggests that besides the work func-

tion, other parameter like the field enhancement factor b

may influence filed emission from Ru-DWCNTs, which can

be understood from the increased DOS as calculated above.

Therefore, we suggest that the enhanced field emission prop-

erties of Ru-DWCNTs are mainly attributed to the increased

field enhancement factor besides lower work function.

4. Conclusions

We decorated the outer surface of DWCNTs with metallic Ru

nanoparticles using a chemical method, and studied their

field emission properties. We found that Ru nanoparticles

can dramatically enhance the field emission performance

from DWCNTs. Both turn-on field and threshold field were

largely decreased due to the decoration of Ru nanoparticles

on the surface of DWCNTs. The enhanced emission stability

of the Ru-CNT emitters is considered due to the protection ef-

fect of Ru nanoparticles against oxygens because they prefer

to attach on the defect sites of CNT sidewalls. According to

first-principles calculations, Ru nanoparticles on DWCNTs

could lower work function and increase the DOS near Fermi

level. It is considered that the enhanced field emission prop-

erties of Ru-DWCNTs were mainly caused by increased field

enhancement factor besides lower work function.
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