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fter the discovery of carbon nano-

tubes (CNTs) by lijima," many new

types of carbon nanomaterials have
been discovered. One of them, carbon
nanocoils (NCs), has attracted considerable
attention.?”® Because of their unique mor-
phology and physical properties, carbon
NCs (CNCs) have been proposed for poten-
tial applications in microwave absorbers,
field emission displays, and structural foams
for cushioning and energy dissipation.” '3
CNCs were generally prepared by chemical
vapor deposition (CVD) employing metal
nanoparticles (NPs) as the catalysts for
vapor—liquid—solid (VLS) types of growth.
Examples of various fabrication methods of
CNCs and carbon microcoils (CMCs) are
summarized in Table S1 in the Supporting
Information. Most of the processes can
mass produce high-quality coiled carbon
materials controllably. Although many hy-
drocarbons were used as the sources for
carbon deposition, acetylene was applied
more often in many cases. Many nanosized
metal catalysts, such as Fe, Co, and Ni, com-
monly employed to fabricate straight car-
bon materials, were also used to grow
coiled carbons.'® For example, Motojima
et al. deposited CMCs from acetylene and
propane in the presence of thiophene on
micrometer-sized Ni particles at 1043 K."”
Bajpai et al. synthesized aligned helical CNT
arrays on quartz by copyrolysis of Fe(CO)s
and pyridine at 1173—1373 K.> Several
groups grew CNCs successfully from acety-
lene at temperatures above 973 K using
catalysts containing both transition metal
Fe and main group metal Sn or In."® In an in-
teresting example, Qin et al. reported that
CNCs could be grown at a temperature as
low as 468 K using Cu NPs as the catalyst.*
Even though the cases were plentiful, their
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ABSTRACT Growth of amorphous carbon nanocoil (CNC) from acetylene on Si substrates was achieved by

using nanosized Ag and K as the catalysts. The deposition of CNC was carried out inside a hot-wall reactor at 723

K using H, as the carrier gas. Based on the observed results, we propose a cooperative bimetal catalyst enhanced

vapor—liquid—solid (VLS) growth mechanism to rationalize the CNC growth. In the reaction, the liquid phase

metallic K dehydrogenated acetylene into the solid-state carbon, while the Ag nanoparticle assisted the extension

of carbon one-dimensionally (1-D) via a tip-growth mechanism. Due to the adhesive force between the K liquid

and the carbon, the 1-D solid curled along the C—K interface into the nanocoil shape. Some CNC samples were

further heat-treated at 1423 K and showed very good field emission properties. They emitted electrons (10 A/

cm?) at a turn-on field E,, of 2.51 V/pum, while J,,,, reached 17.71 mA/cm? at 5.64 V/pum. The field enhancement

factor 3 was calculated to be 2124, comparable to other carbon nanotube (CNT) and CNC based emitters. The CNC

was also characterized by using the electrochemical behavior of K;[Fe(CN)s] via cyclic voltammetry (CV). The

electrochemical surface area of a CNC electrode (geometric surface area 0.078 cm?) was calculated to be 0.143

«m?, These properties suggest that the CNC electrodes may have potential applications in field emission and

electrochemical devices.

KEYWORDS: carbon nanocoils -

vapor—liquid—solid growth - K catalyst - Ag

catalyst - field emission - electrochemical surface area

growth mechanisms are yet to be fully un-
derstood. Motojima et al. proposed that
three-dimensional growth of carbon fibers
from different crystalline faces of a Ni cata-
lyst particle caused the formation of CMCs."?
On the other hand, Amelinckx et al. sug-
gested the concept of a spatial-velocity
hodograph that nonuniformity of carbon
extrusion speed at different parts of a cata-
lyst grain leads to the helical growth.?%?" In
addition, it was proposed by Bandaru et al.
that repulsive interactions at the interface
between the growing carbon nanostructure
and the nonwetting catalyst particle might
promote nonlinear growths.?? Nevertheless,
none of the above-mentioned models have
been proved experimentally.

Previously, we reported that highly reac-
tive alkali metals such as Na can be em-
ployed to synthesize carbon nanomaterials
via stoichiometric dechlorination of
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Figure 1. SEM images of as-grown CNCs: (A) low and high (inset) mag-
nification top views and (B) low and high (inset) magnification side
views. (C) EDS of as-grown CNCs after being washed with DI water. The
signals of O, Si, and Pt atoms are from the surface oxidation, the sub-
strate, and the sputtered conductive layer, respectively. (D) Distribu-
tion of lengths (the bars) of 50 CNCs at various growth times. The av-
eraged lengths are shown as the squares. (E) Low and high (inset)
magnification SEM images of annealed CNCs. (F) Raman spectra of as-
grown (black) and annealed (red) CNCs.

hexachlorobenzene.?? On the other hand, as shown in
Table S1 in the Supporting Information, acetylene is fre-
quently employed to grow coiled carbon materials.
Acetylene has a high positive enthalpy of formation
AHf, 226.7 kJ/mol.?* As a result, the molecule is the least
thermodynamically stable two-carbon organic mol-
ecule to exist at room temperature. However, the ki-
netic barrier to decompose acetylene into its elemen-
tal form is still high because of its high bond
dissociation energy (BDE), 523 kJ/mol.?> For example,
acetylene black, a common carbon material, can be pro-
duced by thermolysis of acetylene, but only at temper-
atures above 1073 K.26 We have discovered that, by em-
ploying metallic Na as a dehydrogenation catalyst, the
energy barrier of acetylene decomposition can be de-
creased significantly. Growth of amorphous carbon has
been observed at a temperature as low as 323 K.’ This
is probably due to the high affinity between the acidic H
atoms of acetylene and the electron rich metallic Na.
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Formation of NaC=CH, NaC=CNa, and NaH as rela-
tively stable intermediates in the process has been
proposed.?’?® Further decomposition of the acetylides
and the hydride would produce carbon and hydrogen,
while regenerating the active metallic Na to complete
the catalytic cycle. We expect that K, a more active al-
kali metal than Na, would perform analogously through
a KC=CH intermediate.?® While using alkali metals as
the catalysts for growing carbon materials is less re-
ported, many transition metals are frequently employed
for that purpose. Among them, Ag has been less ex-
plored for the task. This is probably due to its relatively
inertness toward hydrocarbon decomposition.®® In this
work, we wish to report our discovery that by coupling
K and Ag, an efficient cooperative catalytic system can
be established to grow CNCs from acetylene via a VLS-
type pathway at relatively low temperatures. We have
found experimental evidence to elucidate why the bi-
catalyst system assists the CNC growth. In addition, in-
vestigations on electron field emission (EFE) properties
and electrochemical surface areas (ESAs) of the CNCs
will be discussed to provide basis for future device
applications.

RESULTS AND DISCUSSION

In general, Ag NPs were fabricated on Si substrates
either by sputtering or by reducing an aqueous solu-
tion of AgNO3 and HF.3' Then, inside a hot-wall vapor
deposition reactor (see Figure S1 in the Supporting In-
formation), K was evaporated to deposit a layer of K thin
film on the substrates at low pressure. After acetylene
was passed into the reactor at 723 K, 1 atm, deposition
of a black thin layer on the substrates was observed.
The substrates were removed from the reactor for fur-
ther characterizations. Upon exposure to air, the re-
sidual K metal on the substrates was hydrolyzed. The
presence of potassium oxides was observed. Below, we
will discuss the characterization and location of the
metals and their importance to the CNC growth. Fi-
nally, the product was washed with deionized (DI) wa-
ter to remove the K oxides and left to dry in air. After the
washing, the pH value of the water increased from
5.72 to 8.78. The observation was used to estimate the
amount of K deposited on the substrate. After several
tests, we conclude that the K thicknesses on the sub-
strates were 55—59 nm prior to the CNC growths.

Characterization of Carbon Nanocoils. A scanning electron
microscopic (SEM) image of a typical as-grown sample
of NCs on Si, after washed by DI water, is shown in Fig-
ure 1A. Coil diameters of the NCs are estimated to be
100—300 nm. Pitches (distances between adjacent
coils) of the NCs also differ widely. In the inset, a high
magnification SEM image reveals a discerned NP at the
tip of a NC. In the transmission electron microscopic
(TEM) studies discussed below, a similar NP is observed
and characterized to be Ag by energy dispersive X-ray
spectra (EDS). Figure 1B displays the side-view image of
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the sample. It reveals that the overall thickness of the
NC layer is about 20 pm. The EDS analysis shown in Fig-
ure 1C indicates that C is the major constituent in the
sample. Thus, the NCs are determined conclusively to
be a carbon-based material. Effect of growth time on
the CNC length is shown in Figure 1D using the data
displayed in Figure S2 in the Supporting Information.
We found that no CNCs were grown on the Si substrate
at 5 min. When the reaction was carried out for 10
min, short CNCs with an averaged length of 6.5 pm
(calcd from 50 CNCs) were obtained. The averaged CNC
length increased significantly to 21.5 and 75.4 um af-
ter the reaction time was extended to 15 and 60 min, re-
spectively. The observations suggest that the reaction
required some initiation at the beginning. On the other
hand, the presence of densely populated fast-grown
CNCs on the substrates suggests that the current depo-
sition was an effective process. An as-grown CNC
sample was further heat-treated at 1423 K for 2 h. As
shown in Figure 1E, its overall coil morphology does not
change. In Figure 1F, Raman spectra of an as-grown
CNC sample before and after the annealing are shown.
The as-grown sample reveals two relatively broad and
overlapping peaks at 1345 and 1588 cm™, assigned to
the D band and the G band of carbon materials, respec-
tively.32 Shapes of the peaks suggest that the as-grown
CNCs are composed of disordered carbon with a low
degree of graphitization. On the other hand, the an-
nealed sample shows its D and G band peaks at 1337
and 1583 cm™', respectively. Compared to those of the
as-grown CNCs, the annealed CNCs display well-
separated high intensity peaks. The G band position
shifts toward that of a pyrolytic graphite sample (1581
cm™").33 Furthermore, the Ip/lg value decreases from
2.64 to 2.03 after the heat treatment. These suggest that
the degree of orderness of the annealed sample is
higher than the as-grown one.* This is further con-
firmed by the ED studies described below.

TEM studies of a typical as-grown CNC are shown
in Figure 2. The low magnification image, Figure 2A, in-
dicates that the CNC has a wire structure (diameter ca.
80 nm) with a coil pitch of 100 nm and a coil diameter of
200 nm. Its body is composed of amorphous carbon,
as indicated by the electron diffraction (ED) pattern (in-
set Figure 2A) and the EDS result (Figure 2B). The CNC
tip is further enlarged and shown in Figure 2C. A NP
with a diameter of about 50 nm wrapped completely in-
side the tip is clearly observed. The selected-area ED
(SAED) pattern shown in the inset of Figure 2C agrees
with the presence of a face-centered-cubic (fcc) struc-
ture. The EDS in Figure 2D indicates that, in addition to
C, the tip contains a high concentration of Ag, but the
K concentration is below the EDS detection limit. On the
basis of the observations, we conclude that the NP at
the tip is Ag. Its importance to the CNC growth will be
discussed below. TEM studies of an annealed CNC were
shown in Figure S3 in the Supporting Information. The
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Figure 2. TEM studies of a CNC. (A) Low magnification image and ED
pattern from the squared region (inset), (B) EDS from the squared re-
gion in (A), (C) high magnification image and ED from the squared re-
gion (inset) of the tip, and (D) EDS from the squared region in (C). The
signals of Cu in the EDS were from the TEM grid.

low and high magnification images confirmed its coil
structure. In a high-resolution transmission electron mi-
croscopic (HRTEM) image, from a crystallite with a size
of about 3.2 nm, a set of fringes with a lattice spacing
value of 0.34 nm was observed and assigned to the dis-
tance of graphite (002) planes.3® The SAED revealed
slightly diffused rings. Among them, the two most
strong ones were assigned to the reflections from
graphite (002) and (004) planes.

To observe the location of metallic K in the sample
was more difficult than to find the Ag NPs because K
has a much lower melting point, higher volatility, and
higher reactivity than Ag. Thus, we converted K in the
as-grown samples into more stable K containing prod-
ucts and observed their locations as indicators to the
original K positions. We discovered the presence of K
oxide particles near the CNC tips by SEM and EDS when
the as-grown CNCs were not washed by DI water, as
shown in Figure S4 in the Supporting Information. This
suggests that K probably coexisted with Ag at the tip
during the NC growth. To further confirm the location
of K, we carried out the following investigations. After
the CNC growth was completed, the reactor tempera-
ture was lowered from 723 to 573 K. This reduced the
volatility of K by decreasing its vapor pressure inside the
reactor (Vapor pressures of K at 573 K, 0.58 Torr, and at
723 K, 16.5 Torr. Estimated using the
Clausius—Clapeyron equation with bp of K, 1032 K,
and enthalpy of vaporization of K at STP, 76.9 kJ/mol.
A thin layer of K atoms could condense on the nano-
coil body. Some residual K might exist on the nanocoil
surface, also. This is because liquid K, with its low sur-
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Figure 3. (A) SEM image of TiCl,-treated CNCs. Insets are the magni-
fied views (scale bar: 1 um) from the squared regions on the right. EDS
data of (B) the red-circled and (C) the blue-circled regions in (A). (D)
SEM image of a TiCl,-treated CNC after the KCl crystals were removed.
EDS data of (B) the red-circled and (C) the blue-circled regions in (D).
The Pd and Pt signals in the EDS data were from the sputtered metal-
lic layer for increasing conductivity. The Si signal was from the sub-
strate. The O signal was from the surface oxidation.

face tension among the metals, can wet carbon sur-
face effectively.35738) Then, we passed vapor phase TiCl,
into the reactor to “fix” K into stable solid products con-
taining KCl and Ti for identification. Their positions
should indicate the K location upon the completion of
the CNC growth. In the X-ray diffraction (XRD) pattern
displayed in Figure S5 in the Supporting Information,
the TiCl,-treated sample showed the reflections of KCl.
As shown in the SEM image in Figure 3A, many solid
particles are found on the CNCs, especially at their tips.
The EDS signals of Ti atoms are observed at the tip, as
shown in Figure 3B. Also, clusters of KCl crystals can be
observed in the same region. These data agree with the
potassium oxide location observed in Figure S4. All of
them suggest that the major positions of K were at the
tips of the CNCs upon the completion of the growth.
Nonetheless, as suggested by the EDS in Figure 3C,
some KCl crystals can be found along the CNC body
shown in Figure 3A. As mentioned above, a trace of K
might still exist on the coil body prior to the introduc-
tion of TiCl,. This is due to the condensation of K and its
ability to wet carbon surface. Consequently, after TiCl,
was introduced, KCl particles formed on the coil body,
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too. Because the quantity of deposited Ti was only a
quarter of that of KCl (based on the fact that the reac-
tion stoichiometry between TiCl, and K is 1 to 4), the
EDS signals of Ti from the coil body (Figure 3C) are neg-
ligible. After the KCI crystals were removed from the
CNCs by evaporation at 1073 K under vacuum, exposed
coils were obtained. As shown by the example in Fig-
ure 3D, a small particle is found at the tip of the CNC.
The EDS study in Figure 3E suggests that the particle
contains Ti. The Ti content on the body of the coil is be-
low the detection limit of EDS (Figure 3F). Thus, we con-
clude that both K and Ag metals located at the tips of
the CNCs after the growth. This implies that, during the
growth, the metal particles coexisted at the tips of the
elongating nanocoils. It is known that Ag and K do not
form stable intermetallic phases under normal condi-
tions.3 Accordingly, we suggest that Ag and K did not
form an alloy particle during the CNC growth and the
deposition was via a VLS-type tip-growth mechanism
employing both metals as the catalysts.

Effects of Growth Parameters on Carbon Nanocoil Formation.
To understand more about the reaction, we have
changed the reaction conditions to observe how these
would affect the CNC growth. Our findings are de-
scribed below. To verify the importance of the copres-
ence of Kand Ag in the reaction, we deposited three dif-
ferent metal compositions on a Si substrate. Three
zones were K-only, K and Ag, and Ag-only. After the re-
action was carried out, we discovered that CNCs were
grown only on the surface with both K and Ag, as
shown in Figure S6 in the Supporting Information. On
the K-only surface, a carbon film was deposited as the
only product. On the Ag-only surface, little carbon was
deposited. The observation suggests the necessity of
both K and Ag in the process. They functioned coopera-
tively to assist the catalytic growth of CNCs. The den-
sity of Ag NPs also played an important role in the reac-
tion. As shown in Figure S7 in the Supporting
Information, the density of CNCs grown on a Si surface
decreased as the density of Ag NPs was reduced. The re-
sult indicates that the Ag NPs probably worked as the
seeds for the CNC growth even though the metal could
not assist acetylene decomposition effectively. We also
performed a preliminary study to show that Au NPs
could be applied as the seeds and worked together
with K to grow CNCs from acetylene under analogous
conditions. Successful growth of amorphous CNCs was
confirmed by the data shown in Figure S8 in the Sup-
porting Information. Presence of an Au NP at the tip of
a CNC was also observed.

Furthermore, we discovered that the CNCs could
be grown efficiently only within a certain temperature
range. In Figure S9 in the Supporting Information, it
showed that 723 K was the best temperature to grow
high density CNCs on Si. Relatively short CNCs were
grown at 623 K, while a thick carbon film with limited
number of CNCs was the major product deposited at
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773 K. We also found that the CNCs could be grown ef-
fectively only under a certain combination of acety-
lene and carrier gases. In Figure S10 in the Supporting
Information, it revealed that a mixture of 3 sccm of
acetylene and 20 sccm of H, provided the best growth
of CNCs. In another case, wormlike carbon products
were obtained when Ar, instead of H,, was used as the
carrier gas. Another example showed that relatively
short CNCs were deposited when the flow rate of acety-
lene was increased, while the flow rate of H, was kept
the same. The observations could be rationalized by
how H atoms, generated in the decomposition of acety-
lene, passivated the surface of liquid phase K catalyst.
In the case of using Ar as the carrier gas, the main gas
stream was H,-deficient. More H atoms would desorb
from the K surface in the form of H, molecules. Conse-
quently, the surface was less covered by H atoms. The
as-deposited C solid would adhere well to the surface to
form the observed morphology. On the other hand,
when the flow rate of acetylene was increased, there
would be more H atoms, dissociated from acetylene
molecules, to occupy the reactive sites on the K sur-
face. As a result, the rate of carbon growth was de-
creased because fewer surface sites were available to fa-
cilitate the acetylene decomposition.

Proposed Reaction Pathway. From the experimental re-
sults discussed above, we have found that the CNCs
can only be grown when some certain sets of reaction
parameters were properly applied. The copresence of
both K and Ag particles on the Si surface was the most
important factor for the growth. Without Ag, a carbon
thin film was still deposited but CNCs could not be
grown. Without K, the reaction ceased with little car-
bon deposition. In successful CNC growths, the pres-
ence of both metals at the tips of the coils was deter-
mined experimentally. On the basis of the above
information, we propose a cooperative bimetal cata-
lyst enhanced tip-growth VLS mechanism in Scheme 1
to elucidate the CNC formation. In the scheme, a cata-
lytic cycle is shown to explain how K assists the acety-
lene decomposition. In the cycle, C;H, reacts with K exo-
thermically at a relatively low temperature to generate
surface intermediates [K]-CCH, [K]-C=C-[K], and [K]-H
([K] denotes a surface K atom). Then, they decompose
into a-C and H,, while K is recycled back to the active
surface metal atom. It is known that Ag and K do not
form alloys, while Ag and C do not dissolve each other
well.3%4° Thus, we suggest that the Ag NP, existing on
the liquid phase K particle, acts as the seed for the
growth of a-C. On the K surface, the as-formed C at-
oms probably migrate freely until they bind to the Ag
NP and extend one-dimensionally (1D) into a nanowire
(NW). As the reaction proceeds, more C atoms are pro-
duced through the cycle to lengthen the NW. The ob-
served size of the Ag NP, about 50 nm, was much
smaller than the measured coil diameter, about 200
nm. This indicates that the Ag NP could not be respon-
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Scheme 1. Proposed CNC growth pathway.

sible for the growth of the coil into the observed diam-
eter. Consequently, we propose that K, in addition to as-
sisting acetylene decomposition, probably acts as a
template to facilitate the coil formation. We suggest
that the growing 1D NW curls along the C—K interface.
This is the result of the adhesive force between the lig-
uid phase K particle and the carbon material. It is known
that K binds to the carbon well. For example, due to its
low surface tension, liquid phase K can wet CNTs
effectively.3”38 In addition, K can intercalate various car-
bon materials, including glassy carbon, graphite, car-
bon nanofiber, and fullerenes.* ~*> Many examples of
growing CNCs using bicatalysts are summarized in
Table S1 in the Supporting Information.>'846 Various
possible mechanisms have been proposed to explain
how CNCs are formed. The reaction pathway proposed
in Scheme 1 in this report provides a new type of CNC
growth mechanism.

Electron Field Emission Properties of C(NCs. The EFE J—E
curves (J, current density; E, applied field), shown in Fig-
ure 4, display the relationship between the emission-
current density and the applied field of several CNC
samples. The turn-on fields (E,) of the CNCs, deter-
mined at a current density of 10 wA/cm?, were 4.79,
3.24, and 2.80 V/pm for the samples grown for 10, 15,
and 60 min, respectively. These values are comparable
with the results of CNTs, £, = 1.5—4.5 V/um**® and
consistent with the fact that high aspect ratio CNCs fre-
quently showed low E,..*° Thus, the emission-current
density of the CNCs grown for 60 min reaches 12.22
mA/cm? at 5.64 V/pm. Heat treatment could improve
the conductivity of CNCs by increasing their crystallin-
ity.>® As a result, £, of the CNCs grown for 60 min de-
creases from 2.80 to 2.51 V/pum and J increases from
12.22 to 17.71 mA/cm? at 5.64 V/pm after the process-
ing. The emission characteristics of the CNCs were fur-
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the applied voltage. The result is much stronger
= N than the response of a screen-printed carbon (SPC)
20’_ \g electrode (geometric surface area: 0.018 cm?) used
18- % 2 . as a reference. CV experiments of ferricyanide per-
16_' E “ | formed at different scan rates are frequently em-
— 14_' g ] " . ployed to estimate ESAs of electrodes using the
NE |~ 3 / Randle—Sevcik equation /, = 2.69 X 10° AD,"*n*
o 12- %-10- :/' 2Cov'2.%8 In the equation, I, is the reduction peak cur-
2 104 £ o015 020 025 o030 o035 17 rent, A is the ESA of the electrode, Dy is the diffu-
c 8! 1/E (um/V J7 sion coefficient of ferricyanide (6.67 X 10~® cm¥/s),*°
~ . —m— 10 min ,’,vy i n is the number of electrons transferred in the reac-
™ 6__ e 15 min «‘/v’ A tion equation, C, is the concentration of ferricyanide
4- ~A— 15 min_annealed ‘,“y' I3 in the bulk solution, and v is the scan rate. For the
2_- T gg 2:2 annealed v"v"AAA: ° CNC electrode, the CVs obtained at different v were
O_‘ — d:'ﬁ shown in Figure S10 in the Supporting Information.
T T T T T T T Well-defined voltammetric responses were observed
0 2 4 6 at a potential range —0.2—0.6 V. The peak separa-
E (Vlum) tion remained a reasonable constant 92 mV at low

Figure 4. Emission current density as a function of applied electric scan rates 10_'60 m.V/S’ indicating a quasi-reversible
field on CNC samples. Inset shows their corresponding FN plots. process of ferricyanide on the CNC electrode. The

peak separation increased slightly from 92 to 133,
as v was increased from 60 to 200 mV/s. Similar re-
sults were also observed for other carbon material
based electrodes.®® The inset of Figure 5 shows cali-
brated plots of I, of K;[Fe(CN)s] on the electrodes ver-
sus the square root of v. Both demonstrate excel-
lent linear relationships with correlation coefficients
R = 0.999 and 0.999 for the CNC and the SPC elec-
trodes, respectively. From the slopes of the plots, the
ESA of the CNC electrode is calculated to be 0.143
cm?, while the ESA of the SPC reference electrode is
0.013 cm?. The result suggests that the CNC elec-
trode, with its high ESA, could be employed as elec-

ther analyzed using Fowler—Nordheim (FN) theory. Ac-
cording to the theory, the relationship between J and
E can be described as follows:' J = A(B2E%/¢) exp(—Bdp*
2/BE), where ¢ is the work function, B is the field en-
hancement factor, constant A is 1.57 X 107° A eV/V?,
and constant B is 6.83 V/(eV*? nm). From the slopes of
the FN plots shown in the inset of Figure 4, we work out
the B values by assuming that ¢ of the CNCs is 5 eV.#’
For the samples grown for 10 and 15 min, 3 are 1112
and 1455, respectively. For the CNCs grown for 60 min,
the FN plot shows two slopes corresponding to two 3
values 1128 and 2010, in the low and the high electric
field regions, respectively. This deviation from the FN
behavior may be rationalized by the detachment of ad- trodes for electrochemical applications. For example,
sorbates and the interaction between the neighboring ~ @" enzymatic glucose biosensor fabricated from
tips.5253 For the annealed CNC samples grown for 15 nanoyarn CNT fiber has been reported recently.®!
and 60 min, B are 1551 and 2124. In addition to their

high aspect ratios, the coiled morphology of CNCs 13
might also contribute greatly to the EFE because coiled 0.10, <
sides may also function as emitting tips.>* The calcu- 0.08- = ©
. . NI [ —— CNC electrode

lated B values of the CNCs grown in this study are com- c S
parable with the previously reported values summa- o 0.064 © 2 e

~ —
rized in Table S2 in the Supporting Information. These <C 0.04 a6 8 0 22 e

g YU Scan Rate" (mV/s)™

are in the range 600—5000 for CNTs and 200—6000 for &
CNCs.3%%5 We anticipate that the CNCs may find poten- = 0.02-
tial applications in field emission-based devices. For ex- @

g 0.00-

ample, CNTs have been applied as emitters in a high
brightness field-emission display.>® Recently, a flexible O .02
transparent side-electron emission device fabricated

from carbon nanofiber has been reported.”” -0.04 — T T
Electrochemical Surface Areas of C(NCs. Electrochemical 0.6 04 0._2 0.0 0.2

behaviors of an electrode (geometric surface area: POtentlaI (V)

0.078 cm?) fabricated from the annealed CNCs grown  Figure 5. Cyclic voltammograms of CNC (black) and SPC

for 15 min at 723 K were characterized in an aque- (red) electrodes in an aqueous solution of 2.5 mM

luti f b I | R Ks[Fe(CN)e] and 0.1 mM KCI at a scan rate 10 mV/s. Inset
ous solution of Ks[Fe(CN)e] by cyclic voltammetric shows responses of reduction peak current to square root

(CV). Figure 5 shows its current density response to of scan rate of the electrodes.

A \
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CONCLUSION

In summary, we have demonstrated that CNCs can
be prepared efficiently by K and Ag assisted coopera-
tive catalytic decomposition of acetylene at a relatively
low temperature of 723 K. A catalytic cycle is proposed
to rationalize the overall dehydrogenation process. In
the cycle, the acidic H atoms of C;H, are removed by
electron-rich metallic K to generate surface intermedi-
ates KH, KC;H, and K,C; exothermically. Then, these in-
termediates decompose into a-C and H,, while K is re-
cycled back to the active metal. Ag NP acts as the active
growth site for the nanosized 1D g-C NW. Formation
of the coiled structure may be attributed to the adhe-
sion between the as-grown 1D g-C NW and the surface
of the spherical liquid droplet of K. This bends the NW
along the surface curvature of the K droplet. The over-

EXPERIMENTAL SECTION

Growth of Carbon Nanocoils. A better set of growth conditions
was identified after the reaction parameters were changed in
several experiments. These conditions are described below as a
general procedure. Ag NPs were fabricated on cleaned n-Si(100)
substrates (1 X 1 cm?) by sputtering or by reducing a solution of
AgNO; (0.1—4 mM, Shimakyu'’s Pure Chemical 99%, Caution: cor-
rosive) and HF (0.552 M, Merck 48%, Caution: toxic and corro-
sive). The substrates were put in a 10 cm quartz boat placed at
30 cm downstream from the center of a hot-wall reactor. The re-
actor was composed of a Lindberg HTF55122A tube furnace
and a 27 mm diameter quartz tube (Figure S1). Another quartz
boat loaded with KH powder (0.15 g, 3.7 mmol, Aldrich 30% in
mineral oil, Caution: highly flammable and corrosive) was placed
at the center of the reactor. KH was thermally decomposed to
form liquid K at 623 K under 1 atm of Ar (flow rate: 20 sccm) for
1 h. The K liquid was evaporated at 2 X 1073 Torr, 423 K, for 30
min to deposit a layer of K thin film on the substrates at 353 K.
Then, the K-coated Si substrates were pulled to the center of the
furnace under Ar (1 atm). Acetylene (3 sccm) was carried into
the reactor by a flow of H, (20 sccm) at 723 K for 15 min. After
the apparatus was cooled down to room temperature, deposi-
tion of a black thin layer on the substrate was observed. The
product was removed from the reactor and exposed to air so
that the residual K metal was hydrolyzed. Finally, the product
was washed with DI water to remove the K oxides and left to dry
in air. Some of the CNC samples were further heat-treated at
1423 Kin 1 atm of Ar (flow rate: 20 sccm) for 2 h.

To estimate the amount of K deposited on a substrate, the
following experiment was carried out. A Si substrate (1 X 0.5
cm?) was used to grow CNCs using the steps discussed above.
Then, the substrate with the as-deposited CNCs was placed in DI
water (10 mL) to dissolve the K oxides. The pH value of the solu-
tion increased from 5.72 to 8.78. By assuming that the hydrox-
ide concentration increase equaled the amount of K ions dis-
solved in the solution, the quantity of K deposited on the
substrate was estimated to be 2.35 X 1073 mg (6.02 X 107>
mmole). When the atomic weight and the molar volume of K
was 39.09 g/mol and 45.94 cm3/mol, respectively, the K thick-
ness on the substrate was determined to be 55 nm. Another es-
timation for the K layer on another Si substrate showed that the
thickness was 59 nm.

The location of K metal on the sample was studied using
the following process. After the CNCs were grown, TiCl, was in-
troduced into the reactor at 1 atm, 573 K, by using Ar (20 sccm)
as the carrier gas for 1 h. Distribution of KCl crystals on the
sample was observed. The position of Ti atoms was determined
after the KCl crystals were evaporated under vacuum at 1073 K.
Both the locations of Ti and KCl were used to determine that K lo-
cated at the tips of nanocoils during the growth.

www.acsnano.org

all growth is a VLS type tip-growth process. Our obser-
vation provides a new CNC growth mechanism. The
CNCs showed excellent EFE properties. The best sample
annealed at 1423 K emitted electrons (10 wA/cm?) at
E, of 2.51 V/pum, while J., reached 17.71 mA/cm? at
5.64 V/pum. The field enhancement factor § was calcu-
lated to be 2124, comparable to many other CNT and
CNC based emitters. The performance is probably due
to the coiled morphology, which allows the electrons to
emit not only from the tip but also from the coiled
body. In addition, the CNCs showed a high estimated
ESA value of 0.143 cm?, which is much higher than its
geometric surface area, 0.078 cm?2. Thus, the process re-
ported in this study is capable of growing CNCs as
promising electrodes for both future EFE and electro-
chemical device applications.

Instruments for Characterizations. SEM images and EDS of the
samples were taken with a Hitachi S-4000 and a JEOL JSM-
7401F operated at 15 keV. TEM, ED, HRTEM images, and EDS
were acquired on a JEOL JEM-3000F at 300 kV and a JEOL JSM-
2010 at 200 kV. XRD patterns of the samples were obtained us-
ing a Bruker AXS D8 Advance with Cu Ka1 radiation. Raman
spectra were measured by a high resolution confocal Raman mi-
croscope (Horiba, LabRAM HR) with an excitation wavelength
of 532 nm. A Eutech Instruments CyberScan pH510 was used to
measure the pH value.

Electron Field Emission Property Measurements. EFE properties of
the CNCs were carried out in a vacuum chamber with a base
pressure of 2 X 1076 Torr. A spherical-shaped tungsten tip with
a diameter of 1 mm was used as the anode, while the CNCs on Si
substrates were placed on the sample stage and used as the
cathode. The gap between the anode and the CNCs was main-
tained at 195 wm. The field emission currents were measured
with a Keithley 2410 High Voltage SourceMeter (0—1100 V, with
an increment of 20 V).

Electrochemical Surface Area Measurements. The heat-treated CNCs
on Si substrates were used as the working electrodes directly.
SPC electrodes (Zensor, diameter: 1.5 mm) were used for com-
parison. Electrochemical measurements in a three-electrode sys-
tem were carried out using an electrochemical analyzer (CH In-
struments 6081C). A Pt wire was used as the counterelectrode,
while an Ag|AgCl electrode was used as the reference electrode.
All potentials were quoted relative to the Ag|AgCl reference. Be-
fore the measurements were carried out, the electrodes were
cleaned with ethanol and water and then left to dry in air.
Electron-transfer properties of the electrodes were evaluated by
using CV studies carried out in a solution (20 mL) containing KCl
(0.1 mM) and K;[Fe(CN)g] (2.5 mM). ESAs of the electrodes were
calculated from the corresponding currents of the voltammetric
peaks, in accordance with the Randle—Sevcik equation.®®
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