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A Bean-Like Formation of Germanium Nanoparticles Inside
CNTs by the Subsequent Operation of Colloidal Synthesis
and Catalytic Chemical Vapor Deposition Methods

Ali Karatutlu,* Filippo S. Boi,* Rory M. Wilson, Osman Ersoy, Bulend Ortac,
and Andrei Sapelkin

The first attempts of implanting Ge nanoparticles (Ge NPs) inside iron filled
CNTs (IF-CNTs) by a subsequent use of the bench top colloidal synthesis and
chemical vapor deposition (CVD) approach is shown. Ge NPs are colloidally
synthesized (with a 3.8 ± 0.6 nm in size) before the deposition. The hybrid Ge
NPs/IF-CNTs structure and morphology are characterized using
high-resolution transmission electron microscopy, scanning electron
microscopy, selective area electron diffraction, and X-ray diffraction studies.
After the deposition, Ge NPs appear to be grown in size and to be sprinkled
almost homogeneously into the IF-CNTs similar to a bean-like deposition.
CNTs diameter is also identified to be enlarged drastically when using Ge NPs
as a catalyst in CVD compared to the CNTs formation without Ge NPs. In
addition, micro-length rectangular Ge µPs are also found outside the
nanotube core. Rietveld analysis shows the presence of γ -Fe (Fm-3m),
ferromagnetic α-Fe (Im-3m), Fe3C, Ge (Fd-3m), and multiwall CNTs. The
results indicate that Ge NPs and IF-CNTs demonstrate cocatalytic activity in
increasing the respective sizes, which are dramatically larger than those
obtained by the conventional approaches.
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1. Introduction

Multiwall CNT-based formation of mag-
netic/dielectric composite structure is
an emerging field for many applications
including enhancing microwave absorp-
tion properties of functional materials[1]

and nanodiodes.[2] Such materials
are also considered as a fundamental
strengthening block onto the various
surfaces where it is applied.[3] Further-
more, transition-metal filled CNTs were
demonstrated to be significant in con-
trolling magnetic field with the amounts
of ferromagnetic metal fillings.[4] Such
a requirement is useful particularly for
biomedical applications such as targeted
therapeutics.[5] Ferromagnetic iron fill-
ings inside CNTs were demonstrated to
be continuous in micrometer length[6]

using catalytic chemical vapor deposition
(CVD) approaches. Three main crystal
structures are generally observed such as

Fe3C, α-Fe, and γ -Fe.[7–11] Creating a single phase of ferromag-
netic α-Fe encapsulated by CNTs is the ultimate purpose de-
spite the fact that other two phases could be unavoidable upon
the synthesis and perhaps γ -Fe could be transformed to α-Fe by
the post-synthesis approaches.[12] In order to achieve the growth
of such CNTs structures, the use of several catalysts including
organometalocenes such as ferrocene, thin film catalysts coated
on the flat substrates, and metals or bulk metals have been re-
ported. In particular, the advantage of metallocene precursors
consists in their relatively low evaporation and decomposition
temperatures.[13] On the other hand, porous structures were also
shown to possess a catalytic support for CNTs formation.[14] Until
now, few studies on the formation of nanocomposites prepared
by Ge NCs implantation in CNTs were demonstrated using the
CVD technique[15,16] and carbonization/annealing process.[17] De-
spite the intense research on the various forms of the catalysts
and CNTs formation using different methods, to the best of our
knowledge, no reports have yet shown experiments on implanta-
tion of metal/semiconductor junction of Fe and Ge inside a sin-
gle CNT. Such systems could have important implications for the
formation of quantum dot devices along CNTs with 1D electronic
properties.
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Figure 1. Schematic of formation of I) Ge NPs implanted IF-CNTs, II) only IF-CNTs, and III) rectangular Ge µCs.

In this paper, we represent the first experiments on implanta-
tion of Ge NPs inside IF-CNTs. We show that colloidal Ge NPs
induce a not previously observed giant growth of the CNTs struc-
tures with a consequent dramatic increase in the diameter of
the obtained nanostructures. The morphology and structure of
the CNTs were demonstrated using complementary techniques
including high-resolution scanning electron microscopy (HR-
SEM), transmission electron microscopy (TEM), selective area
electron diffraction (SAED), and X-ray diffraction (XRD) studies.
Along with Ge NPs implanted iron filled CNTs, other types of
CNTs filled with the only iron phases and rectangular Ge micro-

crystals (µCs) were obtained using this approach. Iron-carbide
filled CNTs were found to possess an unusual morphology with
a diameter of �10 µm.

2. Results and Discussion

Schematic of the CNTs formed with a subsequent use of colloidal
synthesis and a catalytic CVD system is demonstrated in Figure 1.
Using the recipe mentioned above, formation of three different
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Figure 2. a) SEM and b) TEM images of the CNTs. The SEM images in (a) and the insets show carpet-like patterns radially grown in 2D with a diameter
and height of the order of 200 and 40 µm, respectively. In (b), two different tubes of Ge NPs/IF-CNTs side to side and next to each other are represented,
respectively. c) The presence of forbidden 010 reflection corresponding to a lattice spacing of 6.7 Å is represented for Fe3C filled CNTs. The TEM
micrograph shown in the inset in (c) is given for iron fillings of IF-CNTs where the scale bar is 50 nm.

structures was mainly observed: I) Ge NPs implanted IF-CNTs,
II) only IF-CNTs, and III) rectangular Ge µCs.
Figure 2 shows HR-SEM and TEM images, which respectively

represent carpet-like CNTs andGeNPs implanted throughout IF-
CNTs. A typical TEM image is shown in Figure 2b. Ge NPs were
clearly demonstrated to be spread with a bean-like shape. The
size of embedded Ge NPs was found to be 152 ± 43 nm. The
diameter of the IF-CNTs containingGeNPswas found to be 497.5
± 35 nm in size. Such Ge NPs embedded IF-CNTs were named
Ge NPs/IF-CNTs. On the other hand, in the inset given in Figure
2c, the TEM of only IF-CNTs without Ge NPs was represented
to show the diameter of the CNTs reducing to less than 60 nm.
Thus, Ge NPs appear to show a catalytic behavior which leads to
a vivid increase in the size of CNTs.
Figure 3a,b demonstrates the morphology of flower-like CNTs

at an average bundle diameter of 10 µm. Interestingly, the pres-
ence of a uniform bundle thickness is found. Ge µCs not filled
inside CNTs are shown in Figure 3c. The unfilled Ge NPs were
determined to be 1.2 ± 0.6 µm in size out of 100 counts. This
size is larger than the inlet/exit diameter of the GeNPS/IF-CNTs.
On the other hand, we studied the effect of annealing of the as-
preparedGeNPs for various hours without sending the ferrocene
vapor to see the catalytic effect of the IF-CNTs on the size of Ge
NPs both in various hours of H2Ar gas medium[18] and 1 h of
Ar gas medium (D: 4.49 ± 0.98 nm). The sizes of the annealed
Ge NPs at average in both media were much smaller than with-
out the IF-CNTs growth. Therefore, not only Ge but also the IF-
CNTs were suggested to show the catalytic activity for increasing
the size of one another dramatically, whereas the diameter of the
IF-CNTs without embedding Ge NPs was preserved as in the or-
ders of those previously reported in the literature. Besides, the
annealing process of the colloidally synthesized Ge NPs were
carried out and resulted in Ge NPs with almost spherical NPs
in the Ar gas flow of 50 sccm (see Figure S2, Supporting Infor-
mation). This also supports an indication that Ge NPs/IF-CNTs
(or IF-CNTs) samples act as a support during the heterogeneous
formation reaction of the rectangular Ge NPs. Thus, Ge and the
IF-CNTs can be proposed to be cocatalysts. In some places, the
unembedded Ge NPs retained its spherical shape and recorded a

Figure 3. a) The flower-like IF-CNTs forming b) CNTs bundles. c) The SEM
image of rectangular-shapedGe µCs with amean size of 1.2± 0.5 µm, and
d) the SEM image of oneGeµC just before the completion of the formation
of its rectangular shape. Themean size of the CNTs both for the flower-like
and the CNT bundles was estimated from the size distributions (SD) out
of 60 counts. The mean size of the rectangular Ge NPs was found from
the SD using 100 counts.

mean size of 280 ± 130 nm, which is quite smaller compared to
the rectangular Ge NPs (1.2 ± 0.6 µm). Therefore, two-step nu-
cleation and growth mechanism[19] seem to be playing a role in
the formation of the rectangular Ge NPs. Nevertheless, further
studies are essential in order to support this scheme.
Figure 4 shows the XRD data from the samples extracted from

the reactor and Rietveld analysis to represent the composition of
the different phases. The presence of γ -Fe (Fm3̄m)/α-Fe (Im3̄m),
Ge (Fd 3̄m), CNT graphite (P63/mmc), and Fe3C (P n m a) was
revealed. The relative abundances of the crystalline phases are
demonstrated inTable 1. The phaseswere, respectively, estimated
to be 9.5% for the γ -Fe (from the 111 diffraction peak of the
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Figure 4. a) The schematic of the crystal structures to represent the structure from the cross-sectional rectangular area (red) shown in (b). The blue dots,
gold/black dots given together and only black dots illustrate, respectively, the Ge (F d 3̄m), Fe3C (P nm a), and CNT graphite (P63/mmc) crystal structures.
For clarity, the scheme does not represent γ -Fe (F m3̄m) and α-Fe (I m3̄m) crystal structures. b) The TEM micrograph of the Ge NPs/IF-CNTs. c) The
XRD data (crosses) from the material collected from the reactor, Rietveld analysis (red line), the background (grey line), and the difference between
the data and the fit (blue diamonds). Rietveld analysis results in the γ -Fe (F m3̄m)/α-Fe (I m3̄m), Ge (F d 3̄m), CNT graphite (P63/mmc), and Fe3C
(P n m a). d) The SAED from the area shown by a circle (white) in (b). The simulation represents a good fit to the SAED data using the diamond structure
of Ge (F d 3̄m) and the CNT graphite (P63/mmc).

Table 1. The relative abundances of the structural phases estimated using
the Rietveld analysis of the XRD data (average) and the diffraction ring
simulation (local) on the SAED data.

Phases (space groups) % Relative
abundance (the

XRD data)

% Relative abundance
(the SAED data on a

single Ge NPs/IF-CNTs)

Ge (F d 3̄m) 38.1 29.5

γ -Fe (F m3̄m) 9.5 –

α-Fe (I m3̄m) 4.8 –

CNT graphite (P63/mmc) 9.5 46.9

Fe3C (P n m a) 38.1 23.4

Fm3̄m space group), 4.8% for the α-Fe (from the 111 and 200
diffraction peaks of the Im3̄m space group), 38.1% for Ge (from
the 111 and 220 diffraction peaks of the Fd 3̄m space group), 9.5%
for MWCNT graphitic C (from the 020, 211, 102, and 220 diffrac-
tion peaks of the P63/mmc space group), and 38.1% for the Fe3C
(from the 002 and 112 diffraction peaks of the P n m a space
group).
Likewise, further structural analyses were done using the

SAED studies. The SAED data of the Ge NPs/IF-CNTs are shown
in Figure 4d in which the diffraction measurement was taken

from the cross-sectional area of one single Ge NP inside the Ge
NPs/IF-CNTs. The simulation using the Ge (Fd 3̄m), the CNT
graphite (P63/mmc), and the Fe3C (P n m a) crystal structures
obtained from the Rietveld analysis shows a good fit to the elec-
tron diffraction data. Such a simulation can give information
about the relative intensity of the scattering vector from the cor-
responding crystal structures. Therefore, a relative percentage of
each structure was estimated from the peak intensity of the Ge
((111) of Fd 3̄m), the CNT graphite ((002) of P63/mmc), and the
Fe3C ((031) of P n m a) crystal structures which resulted, respec-
tively, in the percentage of 29.5, 46.9, and 23.4. Nevertheless, we
consider that this estimation is only based on the assumption of
the existence of only three phases. The peak between �0.8 and
1.0 Å−1 in the scattering wave vector (Figure S3, Supporting In-
formation) suggests the existence of additional phases including
γ -Fe (Fm3̄m) and α-Fe (Im3̄m). Furthermore, a similar approach
was applied to the IF-CNT shown in Figure 2c. The SAED of the
IF-CNTs (Figure S4, Supporting Information) confirms both the
presence of the CNT graphite (P63/mmc) and Fe3C (P n m a)
phases with an agreement to the crystal structures found from
the XRD studies. On the other hand, the crystal structure of the
unfilled spherical Ge NPs was determined using the SAED from
one single NP (Figure S5, Supporting Information). Here, the
SAED from thisGeNP is given together with the simulation done
by the Ge (Fd 3̄m) crystal structure (a = b = c = 5.4 Å, α = 90°,
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β = 90°, γ = 90°. Such Ge NPs were considered to be exposed
to the thermal stress[20] during the growth and cooling processes,
thus a shrinkage in the lattice compared to its bulk counterparts
(a = b = c = 5.657 Å, α = 90°, β = 90°, γ = 90° from ICDS ID
= 43 422) becomes possible. Such change in the structure upon
the thermal stress suggests to yield formation of the dislocations
which in return can serve as a seed for obtaining rectangular Ge
µCs.

3. Conclusion

In summary, we have shown the first attempt of the Ge NPs im-
planted IF-CNTs using an assembled catalytic CVD system. Fur-
thermore, the rectangular Ge µCs and the CNT bundles in the
order of micrometer length obtained as a side product of this het-
erogeneous reaction. The growing atmosphere containing both
ferrocene vapor and Ge NPs seem to possess a catalytic activ-
ity in increasing the size of Ge NPs and the Ge NPs/IF-CNTs.
The unembedded Ge µCs were driven out to be rectangular after
the deposition, showing an indication of two-step nucleation and
growth mechanism for rectangular Ge NPs possible.

4. Experimental Section
Synthesis of the Colloidal Ge NPs: All chemicals were purchased from

Sigma-Aldrich and used as purchased. Preparation of colloidal synthesis
was mentioned in our previous studies,[21,22] which yielded the colloidal
Ge NPs with an average size of 3.89 ± 0.61 nm determined by TEM.

Catalytic Chemical Vapor Deposition of the Ge NPs in IF-CNTs: 1 mL of Ge
NPs dispersed in ethanol was placed via drop casting on top of a Si wafer
(or a quartz boat) inside a catalytic CVD system. After the insertion of the
Ge NPs inside the CVD system, the reactor was heated for the operation at
950 °C. As a precursor, 50 mg of ferrocene was used which was heated by
a conduction coil for its sublimation. Then, the reaction was initiated by a
flow of 50 sccmAr gas and completed at the end of 2min when the furnace
was quenched (removed along a rail system) immediately afterward.

Characterization: The samples were collected and placed in ethanol
prior to their characterization. The TEM and SAED measurements were
taken using a JEOL 2010 to distinguish Ge NPs, iron fillings, and CNT
walls and for further structural analysis. HR-SEMmeasurements were per-
formed using an FEI Inspect F microscope for the morphology of CNTs
in general. XRD measurements were taken using a Panalytical X’Pert Pro
diffractometer (Panalytical BV, Almelo, Netherlands) (with Cu Kα sources
with λ = 0.15418 nm). The Rietveld analysis was completed using a
GSAS code[23,24] with a GSAS+EXPGUI software package (Version: Re-
vision 1251). The Chebyshev function was chosen to serve as the func-
tion by the eight terms for having minimum reduced χ2. A commercial
software called Crystal maker and a freely available software called Mer-
cury obtained from the Cambridge Crystallographic Data Centre (CCDC)
were utilized for obtaining the crystal structure. The crystal structures were
confirmed further using the SAED measurements, which were simulated
using a package called Diffraction Ring Profiler.[25] The original SAEDmea-
surements are given in Figure S1, Supporting Information, in the online
supplementary file.
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Supporting Information is available from the Wiley Online Library or from
the author.
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