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Nickel Formate Route to the Growth of Carbon Nanotubes
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Nickel formate serves as an ideal catalyst precursor for surface-bound thermal and plasma-enhanced CVD
growth of carbon nanotubes. As the method of deposition of the Ni catalyst is solution-based, it benefits from
a low-cost, large-area growth, ease of operation and suitability for coating substrates with complex shapes
and structures.

Introduction for growth of carbon nanotubes. In our previous report, we
pemonstrated that using this compound, high-purity single-wall
carbon nanotubes were produced in high yiélth fact, nickel
formate may be used not only for single-wall nanotubes but
also for versatile growth of carbon nanotubes with varied
structures. In this paper, we wish to address the issue of why
nickel formate is such an ideal catalyst precursor on one hand,
and to demonstrate surface-bound growth of multiwalled carbon
nanotubes on the other. The choice of the surface growth on
the flat SiQ/Si substrate is based on a common recognition
];hat such grown nanotubes are potentially significant in micro-
electronic applications, such as for electron field emission, flat
panel display and supercapacité#st®

Carbon nanotubes (CNTs) have been considered as ideal
candidates for many applications due to their unique atomic
structure, an inherent small tip radius, high surface area and
aspect ratio, excellent chemical inerthess and mechanical
strengtht2

Among the many growth techniques, chemical vapor deposi-
tion (CVD) or plasma-enhanced chemical vapor deposition
(PECVD) offer controlled surface-bound growth on flat sub-
strates:* In a CVD-based process, catalyst and catalyst prepara-
tions are essential because the growth occurs at the interface o
the catalyst and the hydrocarbon vapdience, formation of
an active, uniform catalyst layer is a critical step in a successful
surface-bound CVD process.

Deposition of catalyst may be realized by a physical method,
as for example, using thermal evaporation or magnetron Deposition of the Catalyst. For deposition of the nickel
sputtering to generate a homogeneous thin metal film, which catalyst, silicon wafer was first cleaned by ethanol and acetone
in a subsequent growth step, breaks into small metal islands adn an ultrasonic bath and rinsed with distilled water. Nickel
catalyst®” Although physical methods have proven very effec- formate dihydrate was purchased from Degussa, as a fine green
tive, they require a vacuum facility to process catalyst deposi- powder. Deposition of the catalyst was carried out by simply
tion, and in general, are not suitable for coating a substrate with casting a drop of the aqueous or methanol solution of nickel
complex shapes. Alternatively, a chemical method may be used,formate onto the substrate. The samples were then left to dry
as for example, introducing metal colloidal nanoparticles (Fe, in air. The concentration of the solution may be varied,
Co, and Ni) to the cataly$§t® Metal colloidal nanoparticles may ~ according to the growth purpose and catalyst loading. A typical
be pre-controlled in a narrow size distribution in either the concentration falls in the rangex610-3t0 2.2x 1072 M. The
synthesis process or using an after-process technique for sizdhickness of the formate film depends on the amount of solution
selection. However, the colloids are frequently air-sensitive, on the surface. To keep the film uniform, a trace amount of
making their manipulation difficult and, to some extent, limiting anionic surfactant, such as lauric acid, may be mixed into the
the large-scale production of carbon nanotubes. Another com-solution. The Ni nanoparticles were formed in situ by thermal
monly used method is through a catalyst precursor, such as ardecomposition of the formate precursor in the CNTs growth
inorganic or organometallic salt, leading to the desired metal Process.
nanoparticles by the thermal decomposition of the precursor at Growth of the Carbon Nanotubes. The growth methods
high temperature¥:11 The precursor method takes advantages are basically the same as described previohin brief, a
of low-cost, good stability in air, ease of operation and Stainless steel vacuum chamber was used with a base pressure
commercially available starting materials. It is also suitable for below 10°° mbar. A 20 nm thick Si@ layer was grown by
coating 3D substrates with complex shapes and structures.  thermal oxidation or low-temperature electron cyclotron reso-

We have found that nickel formate may serve as an ideal nance (ECR) onto a polished n-type Si(100) substrate. The

catalyst precursor for formation of the desired Ni nanoparticles samples were normally heated for 15 min to reach the desired
temperatures using a resistively heated graphite stage. For the

* Corresponding author. E-mail: bfgjl@cam.ac.uk. plasma-enhanced growth, samples with freshly deposited catalyst
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Figure 1. (Upper left): image of the Ni nanoparticles on the surface of silicon substrate under AFM. The particles are formed from thermal
decomposition of nickel formate precursor at 5@ The employed solution of the precursor has a concentration-ofl6~3 M. AFM operation

was carried out by a tapping mode. (Lower left): topographical height measurements for the selected nanoparticles cross-lined in the upper image,
showing the typical sizes of the particles. (Upper right): AFM image of the larger and denser Ni nanoparticles formed at identical decomposition
conditions but deposited from a higher concentration of the precursor solutios (2022 M). The solution also contains a trace amount of lauric

acid. (Lower right): AFM topographical height data showing the typical particle size and size distribution.

precursor were first heated typically to 480 in 1.1 mbar of In the presence of hydrogen, the decomposition temperature falls
NH3 (100 sccm). A voltage of 800 V between the sample heater to 180-200 °C.16 Unlike many other nickel precursors, nickel
and the gas inlet was employed to generate the dc discharggormate decomposes directly to metallic Ni particles and gas
current. The feed gas, acetylenelffg, grade 1.5, 55 sccm) was  species (H, HO, CO, and CQ without forming the oxide
introduced into the chamber as the carbon feedstock immediately(NiO) intermediate in a vacuum or a gas flow system. This is
after the discharge started. Growth normally lasted 20 min. The attributed to a self-redox reaction in which a nickel atom obtains
C2H2/NH; ratio and the total pressure were varied from one two electrons to be reduced to the metallic state, whereas the
growth to another depending on growth purpose. A stable two ligands lose two electrons to be oxidized into gaseous
discharge of typically 2640 mA was maintained for a given  species. This excellent characteristic distinguishes nickel formate
deposition. from other nickel precursors and makes the normally required
Characterization. After growth, SEM observations were reducing agents such as Ao longer necessary in the formation
carried out using a JEOL 6340-FESEM system operated at 5of phase-pure metallic nické$18
kV. The TEM was performed on a JEOL JEM-3010x operated |t has been established that the catalytic properties of nickel
at 300 kV. The TEM sample was prepared by scratching the strongly depend on the size of the particles. In our previous
tubes off the substrate and then dispersed into toluene assistegeport on the growth of single-wall carbon nanotubethe
by ultrasonication. A drop of such prepared solution was cast nearly monodispersed Ni nanoparticles are extremely small, with
onto a holey carbon film on a copper grid for the examination. g typical size 0f~1.0 nm. In that case, the small metal particles
The Raman studies were performed using a microspectrometefesy|t from the well-dispersed nickel formate precursor in the
with an incident Ar ion laser at = 514.5 nm and the Renishaw  fine and mesoporous silica powder. As to the flat $8D
software. Atomic force spectroscopy (AFM) images were gypstrate, however, we find that Ni particles may be formed in
obtained by the tapping mode using a Digital Instrument with 5 |arge-size scope, typically between 1 and 30 nm, depending

a nanoscope dimension 3100 controller. on experimental conditions. Under the appropriate conditions,
) ) a specific particle size with narrow size distribution may be
Results and Discussion obtained. This has been confirmed by the atomic force

Formation of the Ni Nanoparticles. In the solid state, nickel ~ SPECtroScopy (AFM) measurements and from the results of the

formate typically exists in the form of a dihydrate, Ni(HCQO) nanotubes growth.
2H,0. Our measurements using thermal gravimetric analysis Figure 1a shows the AFM topographical image of small and
(TGA) indicate that the dihydrate loses the crystallized water discrete Ni nanoparticles prepared by annealing the silicon
at a temperature of ca. 16@ and thermally decomposes Substrate coated with a thin layer of nickel formate. The
between 230C and 26(°C, which is consistent with literature ~ calcination was conducted at 50Q, for 2 min and under an
reports using TGA analysis and the differential scanning argon atmospheric pressure. As usual for any AFM operation,
calorimetry (DSC) measuremenfs. the accurate particle sizes are measured from their topographic
heights. Some typical heights are shown in Figure 1a. In this
case, the Ni particles are extremely small, with a typical size
between 1 and 2 nm. These particularly small metal particles
*230“260“3 may be used as ideal catalytic seeds in the growth of single-
Ni + H, +2CO;, wall carbon nanotubes. In contrast, Figure 1b shows larger and

160°C
Ni(HCOO),-2H,0 Ni(HCOO); + 2H,0
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Figure 2. SEM images showing growth behavior of the carbon nanotubes with different catalyst densities ornpt8essitdtrate: al, nanotubes

grown from a low surface coverage of the Ni nanopatrticles; a2, image of the same sample at a higher magnification; b1, nanotubes grown from
identical CVD conditions as those shown in (a) but with a higher catalyst density on the surface; b2, image of the sample b1 at a higher microscope
magnification. The CVD growth was performed at 53D with NHz at 100 sccm, @H, at 55 sccm, and a total pressure of 60 mbar.

denser Ni particles produced from a higher concentration of 10000 G603
the solution (see the figure caption for deposition conditions). D:1360
The topographic height profile indicates that the particles are 8000
fairly uniform, with a typical size of about 20 nm and a size
distribution from 15 to 30 nm. Note that (a) and (b) of Figure z —
1 may represent two extreme examples of the prepared Ni's,
nanoparticles with respect to the particle size. We find that the 2 )
particles with a size between these two extremes may also beg 40 B
prepared by adjusting the concentration of the solution, the ~
guantity, and the method of deposition and annealing. 2000
Growth of Carbon Nanotubes by CVD. In Figure 2 are
shown the morphologies of the carbon nanotubes produced by 0
thermal CVD. Figure 2a shows the SEM images of the 500 300 1100 1400 1700 2000
nanotubes from a low density of Ni nanoparticles. In compari- Raman shift/cm-1

son, Figure 2b shows the nanotubes grown with a higher CataIyStFigure 3. Raman profile of the CVD nanotubes showing the graphitic

loading, which yields a greater abundance of the tubes understrycture of the tubes (G peak) and the structural defect (D peak). The
identical CVD conditions, and indicates a strong relationship test was carried out using an Ar ion laserlat 514.5 nm.

between the productivity and the catalyst loading. The tubes
are, in general, uniform, and the diameter distribution falls in reveals that the Ni nanoparticles are sitting at the tube tips,
the range 26:30 nm. The tubes contain metal nanoparticles in indicating the tip growth mechanism. Examination by laser
the tip, suggesting the possible tip growth mechanism. The Raman spectroscopy indicates the graphitic structure, with the
higher magnification images reveal that the morphology and characteristic G and D scattering peaks centered at 1600 and
quality of the tubes obtained at the higher catalyst density are 1375 cnt?l, respectively. TEM observation was carried out
very much similar to those obtained at the lower one, suggestingbecause the SEM images did not provide significant information
that the increase of the productivity takes place without sacrifice about the sidewalls of those vertically aligned tubes. The result
of the tube quality. Laser Raman examination (Figure 3) gives shows that the nanotubes are multiwalled and most of them have
the feature of the multiwalled carbon nanotubes, with the D an inner diameter of about-3 nm. This implies that most of
peak centered at 1360 crhand the G peak at 1603 crh the Ni nanopatrticles are ca—8 nm in size. Although defects
Growth of Carbon Nanotubes by PECVD.A SEM image or dislocations are frequently observed in the graphitic structure,
of the PECVD nanotubes is shown in Figure 4. It is seen that the tubes are, in general, well crystallized in terms of the
the abundant, vertically aligned carbon nanotubes cover mostconcentric graphene layers. Many tubes also contain a Ni particle
of the substrate surface. The image at a higher magnification encapsulated in the cavity. One of the encapsulated examples
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formed from the formate precursor. First, we believe that among
the many factors, the relatively low temperature of dissociation
of the precursor has played an important role. Apart from the
result presented in this paper, this characteristic may also be
understood from other investigations. Nickel formate has been
used as a precursor to metallic nickel in the preparation of nickel
tetracarbonyt® where the requirement of the purity of the
formed metal is extremely high. In the area of so-called thick-
technology, this compound has been used to study the formation
of ideally spherical, agglomeration-free Ni particles at microme-
ter scale for applications in hybrid electronic products such as
ceramic capacitor and batteri€’s0 In those studies, nickel is
replacing noble metals such as Pt, Pd, Ag, and Au, for use as
electrode and thick-film material because of its good conductiv-
ity and lower cost. Xia et &t have employed nickel formate
as a precursor to produce micrometer scale Ni particles by an
ultrasonic spray pyrolysis technique. They conclude that phase-
pure nickel can be obtained at temperatures as low as@50
by the thermal decomposition of the precursor, which is the
lowest temperature compared with using other nickel salts in
the spray pyrolysis. They also find that nickel can be obtained
at a residence time as short as 0.1 s at BD0which is -2

- orders of magnitude smaller than the times reported earlier using
Figure 4. Vertically grown carbon nanotubes on the g substrate ~ Ni(NOs), and NiCh (1—100 s). Stopic et &2 have reported
by the plasma-enhanced CVD method using Ni nanoparticles as catalystthe effect of nickel formate on the decomposition temperature
The growth was conducted at 480, with 1.1 mbar of NH (100 sccm) of dehydrated NiGlin their differential thermal analysis (DTA)
and GH (55 sccm). studies. DTA curves reveal that the reduction of the dehydrated
NiCl, by hydrogen starts at 37%. While in the presence of a
small amount of nickel formate (equivalent to 0.1 wt % Ni),
this temperature drops to 27&, which matches the starting
decomposition temperature of nickel formate. In comparison,
our results indicate that much smaller Ni particles-8D nm)
can also be formed from nickel formate for growth of carbon
nanotubes.

In addition, the decomposition of nickel formate tends to
produce Ni nanoparticles at a narrow size distribution. This may
be seen from the AFM measurements and the growth results.
In calcinations, it appears that the rapidly formed small
nanoparticles £3 nm) at short calcination times and lower
temperatures (e.gs 2 min at 500°C) tend to adsorb some other
species around them. This is particularly the case when a trace
amount of surfactant with a long carbon chain, such as lauric
acid, was mixed into the formate solution. This observation
allows us to speculate that in the formate-derived Ni nanopar-
ticles, some carbon-containing species formed from the thermal
decomposition of the precursor might have helped to passivate
the newly formed Ni particles from agglomeration, at least at
/ the early stage of the nucleation of the particles.

R e : Besides the temperature and size effects, the geometry of the
Figure 5. HRTEM image of a carbon nanotube vertically grown by partiCIeS is another factor in the determination of the grOWth
the PEVCD method. This image shows the crystal fringes of the behavior. In this work, at the growth temperatures, -5385
encapsulated nickel single crystal and the graphene layers. Using the°C for CVD and 460°C for PECVD, the Ni particles (330
graphene layersi(= 0.344 nm) as a reference, the fringe spacing of nm) are thought to be in solid state (compared with the melting
the metal is measured as 0.203 nm, corresponding to Ni(111) plane.point of the bulk nickel at 1455C). For the solid-state particles,

. N . ... they do not necessarily take a spherical shape. Instead, nano-
is shown in Figure 5. In th'_s case, the metal nanoparticle is particles with mixed geometries were formed. This geometrical
elongated along the tube axis. Using the graphene lagiers ( gttect may not be particularly essential for growth of multiwalled

0.344 nm) as a reference, we measured the fringe spacing of,anotybes, as the produced Ni particles are relatively large (e.g.,
the encapsulated metal particle at 0.203 nm, corresponding tog_ 3 nm), causing the intake and precipitation of carbon atoms

the Ni(111) crystallographic facet. This image unambiguously {5 occur at a larger area of the grain boundaries or stage edges.
indicates that the Ni particle is a pure single crystal, as evidencedp|so, the normally found tip-growth mechanism allows the
by the lack of grain boundaries within the particle. change of the shape of the particles during the growth

Discussion.The effectiveness of the CNTs growth in this proceduré. However, for growth of single-wall nanotubes, the
work is mainly attributed to the highly active Ni nanoparticles Ni nanoparticles are required to be extremely smatt3Inm)
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