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Phase transitions in carbon:nickel nanocomposite tem-

plates during CVD synthesis of diameter-controlled 

SWCNTs were studied. While almost conserving their 

pre-defined diameter distribution, as-deposited Ni3C na-

noparticles transform into fcc-NiO during activation in 

low-pressure air atmosphere, and are reduced to a mixture 

of fcc-Ni and Ni3C under nanotube growth conditions. The 

first phase transition leads to a substitutional replacement 

of the protective carbon matrix by a protective oxide layer. 

The second one reflects competing reduction processes of 

NiO. A mechanism for the complementary roles of carbon 

matrix and Ni species in the three-step CVD synthesis is 

proposed that includes nanoparticle immobilization, car-

bon delivery and nanotube growth catalysis.  

High-resolution TEM micrographs and corresponding 

FFTs reveal the phase transformations of Ni-rich nanopar-

ticles of C:Ni nanocomposite templates during the steps of 

the CVD synthesis of diameter-controlled SWCNTs. 

1 Introduction 
Chirality-selectivity represents a major challenge for 

single-walled carbon nanotube (SWCNT) application in in-

formation technology, microelectronics and medicine [1-4]. 

Recent improvements towards this goal comprise the en-

hanced large-scale gel column chromatography separation 

of SWCNT mixtures [5] or the diameter- and even chirality-

selective synthesis [6, 7]. Both approaches have advantages 

and disadvantages. Among different methods for SWCNT 

synthesis, catalytic CVD is the most promising one, because 

it provides high yields, mass-production ability and chiral-

ity-selectivity. The latter is caused by lower process temper-

atures compared to laser ablation and arc discharge.  

In CVD growth of SWCNTs, the catalyst properties play 

a crucial role. Thermally highly-stable synthetic W-Co alloy 

catalysts were employed to obtain (12,6) tubes with 92% 

chiral purity [6]. Predefined catalysts synthesized by physi-

cal vapour deposition (PVD) have been more recently used 

for diameter- and chirality-selective CVD growth of single-

walled carbon nanotubes (SWCNTs) [8, 9]. An et al. depos-

ited a 1 nm thin Co-W bilayer by magnetron sputtering, an-

nealing it in air at 400°C and transferred this template into a 

quartz tube for SWCNT growth at 750°C. The authors re-

ported a (12,6) chirality enrichment of 50-70% [8]. PVD-

grown templates circumvent the exhausting optimization of 

parameters for in situ catalyst formation and enable the con-

trol of catalyst morphology and microstructure [10]. In our 

previous work [9], C:Ni nanocomposite templates (NCTs) 

with pre-defined Ni-rich particles of (2.0±0.3) nm diameter 

in a carbon matrix were used as catalyst precursors. 

SWCNTs with a selective, monomodal diameter distribu-

tion were obtained by CVD synthesis. More than 50% of the 

SWCNTs had a diameter of (1.36±0.10) nm. The NCTs 
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were found to be stable in air and to conserve their morphol-

ogy to a large extent during the CVD synthesis. The entire 

process comprised three steps: 1.) PVD deposition of the 

NCTs at 300°C, 2.) Activation of the NCTs at 550°C in low-

pressure flowing air, and 3.) CVD growth of carbon nano-

tubes at 735°C in low-pressure C2H2/ H2/ Ar atmosphere [9]. 

While the preparation of NCTs is well defined and con-

trolled [9, 10], the activation of the nanoparticles (NPs) for 

nanotube growth by CVD is a critical step that is not fully 

understood yet. In particular, the phase structure of the NPs 

after the activation step had still to be clarified. Another 

open question was the reason for the unexpected co-exist-

ence of fcc-Ni and Ni3C after CVD growth of the carbon 

nanotubes. Atomic force microscopy (AFM), high-resolu-

tion transmission electron microscopy (TEM) and Raman 

spectroscopy were used to complete the knowledge about 

the phase and microstructure of C:Ni NCTs after the differ-

ent stages of the SWCNT synthesis. The studies revealed 

distinct phase changes and transitions of the two NCT com-

ponents, the catalytically-active NPs and the embedding 

carbon matrix. The obtained results clarify the mechanisms 

that are responsible for the conservation of the NP morphol-

ogy throughout the whole process and point to a comple-

mentary role of involved Ni NP species for SWCNT synthe-

sis.  

2 Methodologies  
2.1 Sample treatment In the first step of sample pro-

cessing, C:Ni (~15 at.% Ni) NCTs were deposited at 300°C 

by ion beam co-sputtering of a graphite/Ni zone target onto 

a Si/SiO2 (~0.5 µm, thermally oxidized) substrate. The tem-

plates are long-term stable in air. In step 2, the NCTs were 

activated in a CVD oven in low-pressure (2-3 mbar) flowing 

air at 550°C for 10 minutes. During the subsequent third step, 

the activated NCTs were exposed to standard conditions for 

low-pressure CVD growth, notably a C2H2/ H2/ Ar 

(5/300/300 sccm) gas flow mixture at 735°C and a total 

pressure of 5.1 mbar for ~20 minutes. A more detailed de-

scription of the sample treatment can be found in our previ-

ous paper [9].  

2.2 Characterization AFM was used to analyse the 

surface roughness of the NCT samples. AFM imaging was 

performed in air using a Bruker MultiMode 8 scanning 

probe microscope operated in ScanAsyst mode with 

SCANASYST-AIR probes (nominal tip radius 2 nm, maxi-

mum tip radius of 12 nm, Bruker). AFM images of 4 x 4 

µm² size were recorded with 2048 x 2048 pixels, resulting 

in a pixel size comparable to the nominal tip radius of 2 nm. 

Raman spectra of the sp2-carbon phase after each pro-

cess step were recorded using a micro-Raman Labram HR 

spectrometer operated with a 300 lines/mm grating and a 

liquid nitrogen cooled CCD detector (Horiba-Jobin-Yvon). 

The laser wavelength of 532 nm was used for excitation, and 

a 100x magnifying long working distance objective was ap-

plied to focus the laser beam. The employed laser power was 

1 mW, and no laser-induced graphitization was observed 

 

during the measurements. In order to minimize the contri-

bution of SWCNTs to the Raman spectra after step 3, five 

sample areas without detectable radial breathing mode 

(RBM) were measured and the obtained spectra averaged. 

The detailed analysis of the SWCNT RBM spectra was pre-

viously published [9].  

Cross-sectional transmission electron micrographs were 

obtained using an image Cs-corrected Titan 80-300 (FEI) 

microscope operated at an acceleration voltage of 300 kV. 

For TEM specimen preparation of the NCT after step 1 the 

classical procedure described by Bravman and Sinclair was 

used [11]. For the samples after steps 2 and 3, TEM lamellae 

were prepared by in situ lift-out using a Zeiss Crossbeam 

NVision 40 system. In each case, a carbon cap layer was 

deposited to protect the sensitive surface, beginning with 

electron beam assisted and subsequently followed by Ga fo-

cused ion beam (FIB) assisted precursor decomposition. Af-

terwards, the TEM lamella was prepared using a 30 keV Ga 

FIB with adapted currents. Its transfer to a 3 post copper lift-

out grid (Omniprobe) was done with a Kleindiek microma-

nipulator. To minimize sidewall damage, Ga ions of only 5 

keV energy were used for final thinning of the TEM lamella 

to electron transparency. 

3 Results After process step 1 the NCT is comprised 

of Ni3C NPs with a narrow diameter distribution of 

(2.0±0.3) nm in a carbon matrix (Fig. 1) [9]. The film thick-

ness is the same as the mean NP diameter.  

Figure 1 Cross-sectional TEM micrograph of C:Ni NCT after 

template deposition. The inset displays the NP diameter distribu-

tion. The figure is a rearrangement of Fig. 1a) and Fig. 3a) from 

[9].  

The AFM analysis of the NCTs shows an increasing sur-

face roughness from process step 1 via step 2 to step 3 (Fig. 

2). The mean height difference after the NCT deposition is 

(1.0 ± 0.5) nm, i.e. the half of the film thickness. Individual 

height variations are of the order of 1 nm, with very few 2 

nm spikes. No other objects like dirt or dust particles were 

detected. After step 2, the AFM analysis gave a slightly in-
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creased mean height difference of (1.7 ± 0.8) nm. Eventu-

ally, after step 3, the height difference distribution covers a 

range from 0.4 nm to 6.8 nm, with a mean value of 

(3.2 ± 1.4) nm.  

Figure 2 AFM images and height profiles of C:Ni NCTs after dif-

ferent stages of the CVD synthesis of SWCNTs. a) after NCT dep-

osition, b) after NCT activation, c) after nanotube growth. The red 

arrow in part c) indicates a carbon nanotube.  

Even though it would be tempting to correlate the statis-

tics of the height distribution with NP diameters, this is not 

justified because of the convolution of surface topography 

with the AFM tip characteristics. For this reason the semi-

quantitative conclusion derived from the AFM analysis is 

that the roughness increase is substantially larger from pro-

cess step 2 to 3 than from step 1 to step 2. The AFM height 

profile also includes a SWCNT, which is indicated by an 

arrow (Fig. 2c). It can be conservatively estimated that its 

diameter hardly exceeds 2 nm. Obeying the experimental 

accuracy this is in good agreement with the diameter distri-

bution maximum found by Raman mapping [9].  

Beyond the formation of SWCNTs, Raman spectros-

copy reveals significant changes of the phase structure of 

the embedding carbon matrix (Fig. 3). The spectrum after 

step 1 has the typical characteristics of amorphous sp2-C (a-

C) with broad features corresponding to the D, G, and D+G

line (Fig. 3a). Based on the G line position and the ID/ IG

ratio (Table 1), and applying the three-stage-model of Fer-

rari and Robertson [12], the estimated sp3-fraction is of the

order of 10%. After the activation step, the G line position

and ID/ IG are changed towards the values of nano-crystalline

graphite. Since the 2D line is not observed (Fig. 3b), the or-

dering degree of the sp2-C phase is still limited. The sp2-C

phase structure can hence be at best described by clustered

sixfold sp2-C rings, whose defect density prevents 2-phonon

scattering of K-point phonons [12-14]. Simultaneously to

the increased 6-fold ring clustering the integral intensity of

the G- and D-line decreased to approximately 20% and 30%,

respectively, after process step 2. Since the Raman cross

section of carbon increases with its sp2-fraction, this inten-

sity reduction is attributed to a partial transformation of the

embedding carbon matrix into volatile carbon oxides.

Table 1 Raman fit parameter of C:Ni NCTs after the three steps 

of the synthesis of SWCNTs. 

Raman fit 

parameter 

After NCT 

deposition 

After NCT 

activation 

After SWCNT 

growth 

G line 

Raman shift 

(cm-1) 

1558 1592 1595 

D line 

Raman shift 

(cm-1) 

2D line 

Raman shift 

(cm-1) 

ID/ IG ratio 

I2D/ IG ratio 

1350 

- 

0.81 

0 

1355 

- 

1.00 

0 

1338 

2651 

0.87 

0.07 

Figure 3 Raman spectra and line shape analysis of C:Ni NCTs 

after different stages of the CVD synthesis of SWCNTs. a) after 

NCT deposition, b) after NCT activation, c) after nanotube growth. 

As mentioned in the experimental section, five sample 

areas without detectable RBM were measured and the ob-

tained spectra averaged in order to characterize the sup-

posed non-SWCNT part of the sp2-C Raman spectrum after 

process step 3. Nevertheless the Raman shifts of D and 2D 

line are in very good agreement with those of SWCNTs and 

significantly lower than in graphite or graphene [15-17]. 

Since the missing splitting into G+ and G- mode can be eas-

ily attributed to the low spectral resolution (3 CCD pixels 

correspond to 9 cm-1) used for these measurements, the ob-

served sp2-C spectrum is assigned to SWCNTs whose RBM 

is not in resonance with the exciting laser wavelength. Com-

pared to the initial spectrum after process step 1 the integral 
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intensity of the G and D line after step 3 is approximately 

2%. Since this remaining D and G line intensity is predom-

inantly attributable to SWCNTs, and the Raman cross sec-

tion of nanotubes is not smaller than that of a-C [18], the 

major part of a-C remaining after step 2 must have trans-

formed into volatile hydrocarbons during process step 3.  

The Ni-rich NPs after process step 1 consist of Ni3C. 

After step 3, the FFT analysis of the TEM micrographs 

showed the coexistence of NPs with fcc- and hcp-Ni lattice 

[9]. Since hcp-Ni and rhombohedral Ni3C have the same 

metal sublattice, the observed hcp-Ni structures were tenta-

tively assigned to Ni3C NPs. The identification of the phase 

structure of the Ni-rich NPs after step 2 was open. A high-

resolution TEM micrograph of a representative nanocrystal 

is shown in Fig. 4a.  

Figure 4 Microstructure analysis of a representative nanocrystal 

in C:Ni NCTs after activation. a) TEM image, b) FFT with inter-

planar distances, c) FFT with interplanar angles, d) indexed zone 

axis pattern.  

The FFT analysis of the selected area (Fig. 4a, white 

square) provides lattice fringe distances (Fig. 4b) and angles 

(Fig. 4c). Indexing can be done based on a [011] zone axis 

pattern of an fcc lattice (Fig. 4d). This lattice type is the most 

stable modification of pure Ni metal as well as of NiO. The 

comparison of the interplanar distances and angles for the 

nanocrystal in Fig. 4 with those of fcc-Ni and fcc-NiO (Ta-

ble 2) shows that the nickel oxide is formed during process 

step 2. The observed few per cent deviations from bulk crys-

tal values would be usual for nanocrystals, but can be also 

caused by the inherent accuracy limitations of the FFT anal-

ysis of such small objects. In contrast, the lattice plane dif-

ferences between the nanocrystal and the Ni metal 

reference 

are of the order of 15 to 20% and preclude a phase structure 

assignment as fcc-Ni.  

Table 2 Interplanar distances (d (hkl)) and angles α ((hkl)/(hkl)) 

of a NiO nanocrystal (nc-NiO) identified after NCT activation 

(compare Fig. 4) as well as fcc-NiO and fcc-Ni reference structures. 

Lattice 

parameter 

nc-NiO, after 

NCT activation 

fcc-NiO, 

reference [19]

fcc-Ni, 

reference [20] 

d (111)/ nm 

d (200)/ nm 

d (220)/ nm 

 (111)/(200)/° 

 (111)/(220)/° 

 (200)/(220)/° 

0.234 

0.209 

0.148 

56.1 

33.9 

89.0 

0.241 

0.209 

0.148 

54.7 

35.3 

90.0 

0.203 

0.176 

0.125 

54.7 

35.3 

90.0 

4 Discussion 

The presented results have completed the knowledge 

about phase transitions in C:Ni nanocomposite templates 

during diameter-controlled SWCNT synthesis. The findings 

are summarized in Table 3. Based on these results we are 

able to develop a reaction scenario and to draw conclusions 

about the catalytically active species for the formation of or-

dered graphitic carbon.  

Table 3 Structural properties of C:Ni NCTs after the steps of the 

CVD synthesis of SWCNTs. 

Structural 

Properties 

After NCT 

deposition 

After NCT 

activation 

After SWCNT 

growth 

Mean NP 

diameter (nm) 

2.0 ± 0.3[9] 2.2 ± 0.4[9]  3.0 ± 0.7[9]  

sp2-carbon 

phase structure 

NP 

phase structure 

a-Cthis work 

rh-Ni3C, 

a-Ni3C[9]

a-C,

sp2-C ring

clusterthis work

fcc-NiOthis work 

SWCNTs[9], this 

work 

fcc-Ni, 

rh-Ni3C[9]  

The reactions of the amorphous carbon matrix follow 

from the Raman data. In step 2, the major a-C fraction trans-

forms into volatile carbon oxides, presumably CO2. A 

smaller fraction undergoes an ordering process into sp2-C 

six-fold ring clusters, but without measurable graphitic or-

dering. This observation can be compared to those of a re-

cent study on graphitic ordering on flat Ni surfaces [21]. 

Therein, graphitic planes oriented horizontally to the Ni sur-

face were formed already at 550°C, i.e. the same tempera-

ture as the one used for NCT activation in the present work. 

Since the metal-rich species within process step 2 are either 

Ni3C or NiO, it can be concluded that they are not suitable 

to catalyse the formation of graphitic carbon under these 

conditions. During CVD growth, the remaining carbon is 

transformed as shown and discussed in the Raman section.  
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The first phase transformation of the Ni-rich NPs in pro-

cess step 2 is described by equation (1):  

2 Ni3C + 5 O2 6 NiO + 2 CO2 (1) 

This reaction is thermodynamically favored over the alter-

native formation of carbon monoxide because of the more 

than two times larger free formation enthalpy. The reduction 

of NiO to fcc-Ni in the subsequent step 3 can be described 

by reaction (2), which is driven by the formation of CO2 and 

H2O: 

6 NiO + C2H2 + H2 6 Ni + 2 CO2 + 2H2O (2) 

The most surprising structural phase after step 3 was 

Ni3C. This compound is metastable and decays into fcc-Ni 

and carbon at around 400°C even in vacuum [14, 22, 23]. 

However, at reducing conditions as represented by C2H2/ H2 

in the CVD growth step, a disproportionation of the acety-

lene carbon according to equation (3) accounts for the for-

mation of Ni3C:  

3 NiO + C2H2 + H2 Ni3C + CO + 2H2O (3) 

The proposed reactions of NiO with C2H2/ H2 are sup-

ported by thermodynamic data and literature results. The 

free standard reaction enthalpies of equations (2) and (3) are 

of the order of -140 kJ/ mol and -120 kJ/ mol, respectively 

[24, 25]. These values will change only by 10 to 20 % at 

735°C. Hence, the reactions (2) and (3) are thermodynami-

cally spontaneous at the temperature of CVD growth in this 

work. In the literature it was shown that acetylene is trans-

formed into carbon oxides and Ni by 100%, if it is exposed 

to NiO nanoparticles [26]. The partial pressure ratio of the 

resulting CO/ CO2 mixture was 43.2 at 1100 K [26], about 

two to three times higher than the corresponding ratio of the 

Boudouard equilibrium at this temperature. The increased 

amount of CO compared to CO2 points to the occurrence of 

both reactions. One more support for reaction (3) is the ob-

served CO formation when C2H2 adsorbed at Ni(111)/ 

O(2x2) was heated to around 325°C [27].  

Environmentally driven restructuring of catalyst nano-

particles was formerly observed e.g. for Rh-Pd core-shell 

particles and Rd-Pd bilayers [28-30]. While the Pd metal 

formed the shells in reducing conditions because of its lower 

surface energy, the sequence inverted in oxidizing environ-

ment because of the higher formation enthalpy of RhO [28, 

29]. Similar stacking sequence changes were found in Rh-

Pd bilayers when the atmosphere was switched between CO 

and NO [30].  

For a principal understanding of the underlying mecha-

nisms of the reactions (2) and (3), the surface chemistry of 

acetylene, C2H2, on NiO and Ni shall be briefly reviewed. 

Two adsorbate complexes were identified in these systems 

by photoemission spectroscopy: i) -bonded acetylene on 

clean Ni(111) surfaces, and ii) CH species at Ni(111)/ 

O(2x2) and NiO(111) [27]. Later on, -bonded acetylide-Ni 

complexes were found as another acetylene-derived species 

on Ni surfaces [31]. These surface species undergo ther-

mally-induced decomposition of into hydrogen and precipi-

tated carbon at temperatures above 200°C [27, 31, 32]. Sum-

marizing the presented experimental results and the discus-

sion so far, different forms of carbon as well as of acetylene 

may act as potential carbon sources for the formation of 

SWCNTs in process step 3. They can be specified as fol-

lows:  

a) Remaining a-C in the C:Ni NC templates,

b) Ni3C and dissolved carbon in Ni,

c) Precipitated carbon resulting from decomposed acet-

ylene-derived adsorbates, 

d) Acetylene-derived hydrocarbon surface species.

Acetylene and its surface species are generally accepted 

as sources for SWCNT growth [33]. The experimental evi-

dence, whether a) and b) are also relevant for SWCNT 

growth could be provided by additional experiments expos-

ing the C:Ni NCTs after step 2 to hydrogen. Moreover, iso-

tope labelling of the acetylene would be helpful to further 

resolve the carbon source responsible for nanotube growth.  

It is an interesting question, whether the coexistence of 

fcc-Ni and rhombohedral Ni3C after CVD allows conclu-

sions about synergetic or complementary roles of both spe-

cies for SWCNT formation. In agreement with Bayer et al. 

[23], no graphitic ordering was observed after NCT deposi-

tion at 300°C, when Ni exists in the form of Ni3C. However, 

different to their conditions, Ni3C was re-formed during 

SWCNT growth. The dynamic equilibrium between fcc-Ni, 

dissolved C in fcc-Ni and Ni3C, proposed by Bayer et al. for 

the decay of Ni3C [23], could be reversed under growth con-

ditions used in the present study, as indicated in equation 

(4): 

3 fcc-Ni + C 3 fcc-Ni(-1/3 IC) Ni3C (4). 

The middle species fcc-Ni(-1/3) represents fcc-Ni with 

dissolved carbon at Ni interstitials (IC). Under such reaction 

conditions the fcc-Ni could be the catalytically active site, 

and the other species would provide the atomic carbon for 

further SWCNT growth.  

5 Conclusions 

C:Ni nanocomposite templates undergo a series of phase 

transitions during diameter-selective CVD synthesis of 

SWCNTs. The template components take different roles in 

this process. The initial diameter of the Ni3C NPs is con-

trolled by the deposition process, and the embedding a-C 

matrix is responsible for NP immobilization and protection. 

During template activation, the NPs are getting self-pro-

tected by their transformation into NiO. In the nanotube 

growth step, the NP phase structure results from competing 

reduction processes of NiO. It is proposed that a dynamic 
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equilibrium of fcc-Ni and Ni3C enables catalysis and carbon 

delivery. The advantages of the catalyst embedded in a-C 

matrix are their size defined preparation and the particle size 

“conservation” by preventing Ostwald ripening and nano-

particle agglomeration prior to nanotube growth. Optimiz-

ing the time regime of the growth step might be a promising 

way to further improve the diameter-selectivity of C:Ni 

NCTs catalysts for SWCNT growth [34].  
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