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Efficient Growth of 1D Van der Waals Heterostructures on
Zeolite-Supported SWCNTs

Ruixi Zhang,* Dmitry Levshov,* Keigo Otsuka, Ya Feng, Yongjia Zheng, Esko I. Kauppinen,
Shohei Chiashi, Wim Wenseleers, Sofie Cambré, Rong Xiang, and Shigeo Maruyama*

The controlled synthesis of 1D van der Waals (1D vdW) heterostructures,
specifically single-walled carbon nanotubes encapsulated within boron nitride
nanotubes (SWCNT@BNNT), presents a challenge due to an incomplete
understanding of the factors influencing BNNT growth. This study
investigates the growth yield of SWCNT@BNNT heterostructures produced
using zeolite-supported SWCNT templates on SiO2-coated Transmission
Electron Microscopy (TEM) grids, which enable in situ synthesis and
thorough evaluation of each step without compromising the nanotube
structure. The high-resolution TEM analysis reveals a significant
improvement in BNNT coverage on individual nanotubes, increasing from 9%
to 42%, through optimization of the ammonia borane precursor amount. A
thorough comparison of BNNT growth efficiency is performed using
zeolite-supported SWCNT templates against the current benchmark of
free-standing SWCNT films, highlighting comparable synthesis yields despite
different morphologies and SWCNT diameter distributions. By integrating all
Raman and TEM data from the studied SWCNT@BNNT samples, a
correlation between BNNT coverage and the intensity of the buckling R-mode
of BNNTs is established, providing a reliable criterion for evaluating BNNT
growth efficiency in 1D vdW heterostructures. This work advances the
understanding and characterization of 1D vdW heterostructures, offering
insights into synthesizing hetero-nanotubes using other types of SWCNT
templates and paving the way for their diverse applications.
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1. Introduction

In recent decades, van der Waals (vdW)
heterostructures, created by stacking atom-
ically thin crystals like graphene, hexagonal
boron nitride (h-BN), and transition metal
dichalcogenides (TMDCs), have emerged as
a prominent area of study in the field of ma-
terials science.[1–3] The interaction between
neighboring layers in these heterostruc-
tures results in structural modifications,
charge redistribution, and the emergence
of intriguing physical phenomena.[2,4,5] No-
tably, the graphene-hBN 2D heterostruc-
ture has sparked significant research in-
terest, delving into topics such as funda-
mental crystallography, quantum phenom-
ena (such as the Hofstadter butterfly effect,
and topological currents), and the develop-
ment of optical and electronic devices.[2,6–8]

More recently, the exploration of these
insightful concepts has been extended to
1D materials.[9,10] A notable achievement
in this field was the synthesis of 1D
vdW heterostructures by seamlessly wrap-
ping boron nitride nanotubes (BNNT) and
molybdenum disulfide nanotubes around
single-walled carbon nanotube (SWCNT)
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templates.[11] Such a method produced coaxial heteronanotubes
that form layer-by-layer structures while preserving the basic
morphology of free-standing SWCNT films. This discovery has
led to extensive research into the electronic, optical, and thermal
properties of 1D vdW heterostructures and related devices.[12–22]

For instance, incorporating BNNT as an interfacial layer between
channels and gate dielectrics in carbon nanotube transistors im-
proved their performance and helped mitigate threshold voltage
variation and hysteresis.[23] However, despite the progress in the
1D vdW heterostructure field, challenges still remain in under-
standing their synthesis mechanism, improving the growth effi-
ciency, and establishing reliable characterization methods.

In our previous work, we primarily grew 1D vdW heterostruc-
tures using free-standing SWCNT films,[24] vertically-aligned
SWCNTs,[25] or chirality-sorted SWCNTs[26] as templates. While
these templates provided convenient platforms for synthesis,
they yielded relatively small amounts of heterostructures, com-
plicating macroscopic ensemble studies and applications. One
potential solution to this issue involves using SWCNTs syn-
thesized on zeolite-supported catalysts (referred to as “zeolite-
based SWCNTs”, as follows), which possess small diameters (0.8–
1.2 nm) and can be produced in larger quantities.[27] In our pre-
vious study, we used 3D powder-like zeolite-based SWCNT tem-
plates to synthesize SWCNT@BNNT heterostructures.[28] How-
ever, when attempting to apply the synthesis protocols estab-
lished for free-standing SWCNT@BNNT films, the final yield
of zeolite-based SWCNT@BNNT heteronanotubes was not high,
possibly due to differences in growth parameters, accessibility
of the BN precursors to the tube surface, or different synthesis
mechanisms.

In this work, we therefore present a more systematic study of
the BNNT growth process on zeolite-supported SWCNTs, aimed
at enhancing BN coverage on this type of SWCNT template. To
achieve this, we employ high-temperature-stable and chemically
resistant Transmission Electron Microscopy (TEM) grids to sup-
port the zeolite particles enabling an in situ high-temperature
chemical vapor deposition (CVD) growth and allowing for var-
ious structural characterizations at each growth stage without
sample processing. By combining high-resolution TEM and Ra-
man mapping, we thoroughly assess the efficiency of BNNT coat-
ing and systematically compare the morphology and growth ef-
ficiency of zeolite-based samples with current benchmark sam-
ples, namely free-standing SWCNT@BNNT films.[29] Notably,
we observed a significant increase in the BNNT coverage from
9% to 42% by optimizing the amount of ammonia borane precur-
sor. The developed microscopic characterization method, com-
bining TEM and Raman mapping, proves highly effective for syn-
thesizing 1D heteronanotubes with different types of SWCNT
templates and morphologies.

2. Results and Discussion

Figure 1 illustrates the developed approach for the growth of
SWCNT@BNNT heterostructures using CVD, as well as the sub-
sequent structural characterization through TEM and Raman
spectroscopy. For synthesis (Figure 1a), we utilized SiO2-coated
Mo TEM grids with mesh structures as substrates. These meshes
contained over 100 small-sized holes, ≈2–3 μm in diameter, ca-
pable of supporting zeolite particles, Fe/Co catalysts, SWCNTs,

and hetero-nanotubes (Figure S1, Supporting Information). The
SiO2-coated TEM grids exhibit exceptional thermal stability and
can withstand temperatures up to 1100 °C, which allowed us
to directly place them in the CVD system for the synthesis of
SWCNTs and BNNTs. Additionally, by growing the nanotubes di-
rectly on the TEM grid,[27] we eliminated the necessity for post-
synthesis transfer, enabling an easy evaluation of each synthesis
step (Figure 1a) without compromising the nanotube structure
or morphology.

To assess the efficiency of BNNT wrapping around the
SWCNTs, we utilized high-resolution TEM directly on the as-
synthesized samples, as demonstrated in Figure 1b (note that
the high quality and uniformity of the BNNT coating were pre-
viously confirmed by electron energy-loss spectroscopy in our
earlier studies[11,24] and will not be discussed here). Specifically,
we quantified the coverage of the outer BNNTs around isolated
SWCNTs using different magnifications, as detailed in Section S2
(Supporting Information). For this statistical assessment, only
isolated SWCNTs were considered, as analyzing bundles intro-
duced greater complexity.

Besides TEM, we characterized as-synthesized samples of
SWCNTs and SWCNT@BNNTs using Raman spectroscopy. To
account for the local sample inhomogeneity, we performed Ra-
man mapping of large areas directly on the TEM grid, as shown
in Figure 1c. ≈1000–2500 points were measured for each sam-
ple (up to 50 × 50 μm2 with 1 μm step), both before and af-
ter the BNNT growth. The comparison of such SWCNT and
SWCNT@BNNT spectra averaged over all the points in the Ra-
man maps are shown in Figure 1d, highlighting all the Raman
lines of SWCNT@BNNTs analyzed in this work: radial-breathing
mode (RBM), defect-induced D-band and tangential G-band of
SWCNTs, and radial buckling R-mode of BNNTs.[30–32] To quan-
titatively estimate the efficiency of the BNNT coating, we focused
on the correlation between the G-band of SWCNTs and the R-
mode of BNNTs, as these modes exhibited the simplest behav-
ior. The Raman spectra for these ranges were fitted with a set
of Lorentzian functions and subjected to statistical analysis (see
Section S4, Supporting Information for details on Raman data
processing). Other SWCNT modes, such as the RBM, also ex-
hibited vibrational and electronic shifts following BNNT growth
(see Section S5, Supporting Information). However, characteri-
zation of their complex behavior requires wavelength-dependent
Raman analysis, which is beyond the scope of this manuscript.

It is worth noting that during the analysis, we considered the
spectra measured over the substrate and the holes in the TEM
grid (points A and B in Figure 1c, respectively) together, as no
differences were observed between them (details in Section S1,
Supporting Information).

3. Optimizing Growth Efficiency of Zeolite-Based
CNT@BNNTs

The growth of BNNTs in the CVD system can be influenced by
several factors, including temperature, pressure, synthesis time,
precursor type and quantity, and the morphology of the template
sample. In this study, to improve the efficiency of BN coating in
zeolite-supported SWCNT@BNNTs, we initially explored the im-
pact of the growth time. Our TEM observations revealed that the
previously reported 1-h growth conditions (with a fixed precursor
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Figure 1. Experimental approach for the synthesis and structural characterization of zeolite-based SWCNT@BNNT heterostructures on SiO2-coated
Mo TEM grids. a) Schematic illustrating the synthesis of zeolite-based hetero nanotubes on the TEM grid. The zeolite-supported catalyst is dispersed
in ethanol and drop-casted onto the TEM grid (Figure S1, Supporting Information). CNT and BNNT growth are conducted in different CVD systems.
Each synthesis step can be easily evaluated by TEM observation and Raman spectroscopy, as follows. b) High-resolution TEM images for evaluating the
growth efficiency on a micro scale, with a focus on determining the coverage of the outer BN shell synthesized on individual SWCNTs. c) Schematic of
the Raman mapping process on the TEM grid (left) and the resulting Raman map representing the intensity of the G-band of SWCNTs as a function of
the spatial coordinates on the sample surface. d) Comparison of the averaged Raman spectra obtained from the maps measured before and after the
BNNT growth.

amount of 50 mg; see Experimental Section)[28] rarely produced
BN coating around zeolite-based SWCNTs (Figure S5, Support-
ing Information), indirectly explaining the absence of clear op-
tical signatures of heterostructures noted in the prior work on
zeolite powder.[28] Extending the growth time to 3 h resulted in
double-layered BN coatings (Figure S5, Supporting Information),
but nearly depleted the supplied amount of ammonia borane pre-
cursor (Figure S9a, Supporting Information), highlighting the
inefficiency of conventional growth conditions for zeolite-based
samples.

Subsequently, increasing the precursor amount from 30 to
90 mg with a fixed growth time of 1 h led to a significant increase
in the number of BN layers, as shown in Figure 2a. To determine
the coverage of BN outer shells under these synthesis conditions,
we observed by TEM and statistically analyzed more than 50 ran-
domly selected areas (Figure S6, Supporting Information). We
found that synthesis with the 90-mg precursor achieved the best
coverage, ≈37%, for the first BN layer, as depicted in Figure 2b.

The coverage of the second and third BN layers was also analyzed
(represented by blue squares and green triangles in Figure 2b),
showing a similar trend to that of the first layer.

We then evaluated the efficiency of the BN coating in the same
SWCNT@BNNT samples using Raman mapping. Figure 3 dis-
plays the radial buckling (R) mode range of averaged Raman spec-
tra for zeolite-supported SWCNT@BNNTs samples, synthesized
with different amounts of ammonia borane precursor. They are
compared with the reference CNT sample (bottom spectrum) to
clearly illustrate the evolution of the R-mode intensity (IR) of BN-
NTs. All spectra were normalized by the G-band intensity to ac-
count for the variable amount of template SWCNTs under the
laser beam. We observed that the R-mode intensity increased
with the rise in the amount of the BN precursor, consistent with
the trend established in TEM studies in Figure 2b. Specifically,
90 mg led to the highest growth efficiency among all the samples.
We also explored the 120 mg growth (top spectrum) but didn’t ob-
serve any significant improvements compared to the 90 mg case.
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Figure 2. Improvement of the growth of zeolite-based SWCNT@BNNTs. a) Representative TEM images of the zeolite-based SWCNT@BNNTs synthe-
sized with varying amounts of ammonia borane precursor (30, 60, and 90 mg). With an increase in precursor amount, the coverage of the outer BN
coating dramatically increased; b) Statistical analysis of BN coverage percentage for zeolite-based SWCNTs (details in Section S2, Supporting Informa-
tion), showing coverage for one, two, and three BN layers, represented by red circles, blue squares, and green triangles, respectively. For the first BN
layer, the coverage percentage increases from 9 to 37% as the precursor amount is increased from the conventional 30 to 90 mg.

To further investigate coating efficiency and reproducibility, we
fixed the amount of ammonia borane precursor at 90 mg and pre-
pared additional SWCNT@BNNT samples during different CVD
runs, denoted as S1, S2, and S3. Figure 3b–d presents their RBM,
R-mode, and G-band spectra before (thin line) and after (thick
line) BNNT synthesis, with all spectra normalized to the inten-
sity of the G-band (except in the RBM range, where spectra were
normalized to the maximum intensity for clarity). These samples
are also compared with the reference CNTs heated at 1075 °C
to monitor the effect of high-temperature annealing (dark green
lines).

We observed that the RBM lines weakened or even disappeared
(Figure S14, Supporting Information), suggesting that some nan-
otubes were either burned out during BN CVD or their intensi-
ties were affected by interlayer coupling, e.g., due to the change
in resonance conditions or dielectric screening, as previously ob-
served for double-walled CNTs.[33–35] As for the R-mode inten-
sity, it varied from sample to sample, being strongest for S2 and
S3 cases (see also the intensity variation in Figure 3a for 90 mg
case). Simultaneously, the G-band frequency[36,37] decreased, re-
flecting the averaging of Raman responses from numerous dif-
ferent BNNT structures in ensemble samples[29] (dotted curve in
Figure 3e), reaching a minimum for the S3 sample at −1.3 cm−1.
This variability among S1–S3 samples, despite the consistent pre-
cursor amount, may be attributed to the inhomogeneous growth
and unstable yield of the CVD process, likely related to the un-
equal consumption of the precursor (see Figure S9b, Supporting
Information and the accompanying discussion). Regarding the
effect of high-temperature annealing, it led to the broadening of
the G-peak in SWCNT samples and almost no frequency shift
(dark green triangle in Figure 3e).

Our TEM studies of the S1–S3 samples confirmed the results
of the Raman analysis (Figure 3f ). Specifically, the coverage of
the first BN layer varied from 32% for S1 to 37% for S2 and fi-
nally to 42% for S3. Greater BN coverage was observed in sam-

ples with the highest R-mode intensity and a more pronounced
G-band redshift.

4. Growth Efficiency of SWCNT@BNNTs With
Different Morphologies of SWCNT Templates

We further explored the growth of zeolite-supported hetero-
nanotubes by directly comparing them with the current bench-
mark samples, i.e., the free-standing SWCNT@BNNT films,[29]

using the combination of electron microscopy and Raman map-
ping as presented before. For this purpose and to avoid differ-
ences between different CVD runs, the BNNT growth of the film
samples was performed simultaneously with the zeolite-based
samples in the same CVD system using 90 mg of ammonia bo-
rane precursor.

We first compare the morphology of zeolite-based and film
samples using SEM and TEM (Figure 4), revealing that individ-
ual SWCNTs in zeolite-based samples predominantly exist in two
distinct states: either distributed across the holes like bridges (il-
lustrated schematically in Figure 4b, top; see also additional TEM
images in Figure S10 or SEM images in Figure S16, Supporting
Information), or forming 3D dense networks around the zeolite
particles, where they intertwine and intersect (Figure 4b, bottom).
Examples of grown heterostructures for this sample are shown
in the TEM images in Figure 4c. For instance, a single zeolite-
based hetero-nanotube is seen stacking over two large bundles
(Figure 4c, left), with the BNNT wrapping starting from the edges
of the individual carbon nanotubes. Additionally, a fully covered
BN shell is displayed, revealing the clear presence of more than
four layers of coating (Figure 4c, upper right).

In contrast, the free-standing SWCNT films grown using the
aerosol CVD method,[38] exhibit a distinct 2D morphology, where
bundles and isolated nanotubes randomly stack on each other,
forming a homogeneous structure (Figure 4d,e). After BNNT
growth, the free-standing film sample displays a homogeneous
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Figure 3. Structural characterization of zeolite-based SWCNT@BNNTs, synthesized via precursor-varying BN CVD. a) Comparison of the R-modes of
SWCNT@BNNT heteronanotubes grown with different BN precursor amounts: 30, 60, 90, and 120 mg. The R-mode intensity increases in line with
the increase in BNNTs coverage as shown in Figure 2b. b) RBM, c) R-mode, and d) G-band ranges of the averaged Raman spectra of the pristine
SWCNT samples (lower thin curves) and resulting SWCNT@BNNT samples (upper thick curves) grown with 90 mg of ammonia borane precursor to
check reproducibility. These samples are labeled as S1, S2, and S3 and compared with the reference SWCNT sample annealed at 1075 °C. All spectra
in (a–d) were measured at 532 nm. The spectra in (a), (c), and (d) were normalized to the intensity of the corresponding G-band, while those in (b)
were normalized to the maximum intensity in the RBM range for clarity. e) Statistical analysis of the G-band in the reference SWCNT (downward green
triangle) and SWCNT@BNNT samples (green, yellow, and orange circles for S1, S2, and S3 samples, respectively), highlighting the redshift of the G-band
frequency and an increase in full width at half maximum (FWHM) with BN coating. The dotted curve illustrates the effect of G-band frequency downshift
and broadening in ensemble samples due to averaging Raman response from a large number of different BNNT structures, as reported in ref. [29] Error
bars represent one standard deviation. f) Representative TEM images (from bottom to top) of the reference CNT-1075 °C sample, and S1, S2, and S3
samples of SWCNT@BNNTs. The scale bar corresponds to 5 nm each. Additional images can be found in Figure S10 (Supporting Information).

morphology with a high yield of heterostructures. Figure 4f il-
lustrates more than six individual nanotubes randomly crossing
with bundles, each coated by a BNNT shell. Under higher mag-
nification, the BN shells become prominently visible (Figure 4f,
right).

To complement the results of the electron microscopy studies,
we probed the same samples of the free-standing film and zeolite-
based SWCNT@BNNTs by Raman mapping, as illustrated in
Figure 5a,b, respectively. Additionally, we investigated a macro-
scopic zeolite-powder sample prepared in accordance with one of
our previous works.[28] The microscopic zeolite-based sample on
the TEM grid and the macroscopic zeolite-powder samples are la-
beled Zeol-M and Zeol-P in Figure 5, respectively. We found that
in the case of the free-standing films, heteronanotubes displayed
a more uniform distribution on the TEM grid, resulting in a con-
sistent G-band signal and a more homogeneous mapping out-

come (Figure 5a and demonstrated by the smaller error bars in
Figure 5f). On the other hand, it was observed that zeolite-micro
samples predominantly grew on the substrate following the dis-
tribution of the template SWCNTs and leaving clear empty areas
in the middle of the holes (Figure 5b), consistent with the mor-
phology described by SEM and TEM in the previous section. Ad-
ditionally, zeolite-powder heterostructures were irregularly dis-
tributed, as shown in Figure 5c.

Next, we compared the changes in the R-mode and G-band
spectra between zeolite-based samples and free-standing films
in Figure 5d,e. The thin and thick lines represent the spectra of
the template SWCNTs and the SWCNT@BNNTs, respectively.
An obvious increase in the R-mode intensity and G-band redshift
is observed in both the zeolite-micro and the free-standing film
samples. After fitting the full Raman maps (Figure 5f), we found
that the free-standing films exhibit larger frequency shifts than
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Figure 4. Comparison of SWCNTs and SWCNT@BNNTs grown on the zeolite-based template (top) and on the film template (bottom). SEM images
of a) the zeolite-based SWCNT sample and d) free-standing SWCNT films on SiO2 TEM grid revealing their distinct morphologies. The corresponding
schematics of the sample geometry are shown in b) and e), respectively. The TEM images of the SWCNT@BNNTs in c) the zeolite-based sample and
f) free-standing film sample. Both samples are grown with 90 mg of ammonia borane precursor (NH3BH3).

Figure 5. Raman characterization of SWCNT@BNNTs grown on different SWCNT templates: a) free-standing films, b) microscopic zeolite-based sample
on the TEM grid (Zeol-M), and c) zeolite-based sample grown on the powder (Zeol-P). The Zeol-P sample shows irregular G-band intensity distribution,
Zeol-M sample exhibits G-band signal mainly on the substrate area, while free-standing SWCNT films show a more homogeneous distribution, consistent
with SEM observations described in Figure 4. d) R-mode and e) G-band ranges of the average Raman spectra for the free-standing film (blue), Zeol-M
(green), and Zeol-P samples (orange). Thin and thick lines represent SWCNT templates and SWCNT@BNNTs, respectively. Zeol-M and film samples
were probed at 488 nm, while Zeol-P was probed at 532 nm (note that laser excitation minimally affects the G-band shift, as evidenced in ref. [29]). The
star * in (d) indicates the presence of a small R-mode in the Zeol-P sample. f) Scatter plots for the G-band, illustrating the effect of BNNT coating on
frequency and FWHM for Zeol-M (green points), free-standing film (blue), and Zeol-P samples (orange). Error bars represent one standard deviation.
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zeolite-micro samples under identical growth conditions (−1.8
cm−1 vs −0.8 cm−1), indicating better coverage of BNNTs. The
greater increase in FWHM observed in the zeolite samples can
be explained by the broader diameter distribution of the tem-
plate SWCNTs compared to the film samples (see comparison
of RBM ranges in Figure S14, Supporting Information). This
wider distribution results in a greater range of BNNT diame-
ters during CVD growth, which, in turn, leads to a larger in-
crease in G-band linewidth when averaging the Raman response
across the entire distribution. Furthermore, the zeolite-micro
SWCNT@BNNTs (dark green point) show a higher standard de-
viation, as indicated by the error bars in Figure 5f, which can be
attributed to a smaller quantity of these nanotubes being mea-
sured (fewer statistics) due to a large number of holes on the
sample surface.

Interestingly, in the case of zeolite-powder samples, both
the R-mode intensity and G-band frequency show minimal
change during BNNT growth, as indicated by the orange lines
in Figure 5d,e. This observation aligns with the absence of
clear SWCNT@BNNT spectral signatures reported during ear-
lier studies on zeolite-powder templates.[28] Conversely, for the
Zeol-M templates in this study, these spectral signatures are
clearly visible (green curves in Figure 5), representing a clear im-
provement in synthesis efficiency compared to previous research
on zeolite templates.

The observed difference in growth efficiency between the film
and zeolite-based samples can be tentatively explained by their
distinct morphologies and/or different diameter distributions
(1.3–2.0 nm for the former vs 0.8–1.2 nm for the latter). For in-
stance, the film samples primarily have a 2D (planar) morphol-
ogy with numerous easily accessible BNNT nucleation points at
the intersections of SWCNTs (Figure 4f).[11,24] In this case, high
BNNT coverage can be achieved with relatively short synthesis
times, and introducing excessive amounts of ammonia borane
precursor does not significantly enhance growth efficiency, as
demonstrated in Figure S8 (Supporting Information). In con-
trast, the zeolite-based samples possess a 3D network of entan-
gled SWCNTs around zeolite particles (Figure S17, Supporting
Information), which likely complicates the access of the BN pre-
cursor to the nucleation points at the innermost SWCNTs. As
a result, these zeolite-supported samples exhibit lower growth
efficiency compared to the film samples when supplied with
the same amount of BN precursor (Figure 5f). Moreover, the
smaller zeolite-based SWCNT templates induce the growth of
smaller-diameter BNNTs, which are known to have higher strain
energy,[39] making the growth less energetically favorable com-
pared to the larger diameter SWCNTs and BNNTs in the films.

5. Characterization of the Growth Efficiency of
SWCNT@BNNTs by Combining Electron
Microscopy and Raman Mapping

Finally, we quantitatively combine all the TEM and Raman
data obtained from various types of SWCNT@BNNT samples
to achieve a more accurate evaluation of BNNT growth effi-
ciency. In addition to the zeolite-based SWCNT@BNNTs and
SWCNT@BNNT films discussed earlier, we analyze a set of
zeolite-based 13CNT@BNNT heterostructures grown with the

SWCNT template highly enriched in the 13C isotope. These
samples allow for a better understanding of the quenching of
BNNT modes in 1D vdW heterostructures due to interlayer
coupling (the synthesis procedure and the Raman analysis of
13CNT@BNNTs will be reported elsewhere).

We fitted the averaged Raman spectra of all samples with a
series of Lorentzians and calculated the ratio 𝐼𝑅/𝐼𝐺 of the in-
tegrated intensities of the R-mode of BNNTs and the G+ mode
of SWCNTs, as depicted in Figure 6a (blue areas). Since pris-
tine SWCNTs exhibit intermediate frequency modes (IFM)[40] in
the R-mode range, which can contribute to the total R-mode in-
tensity in SWCNT@BNNTs, we determined the 𝐼𝐼𝐹𝑀/𝐼𝐺 ratios
for the pristine SWCNT samples. These contributions were then
subtracted from the 𝐼𝑅/𝐼𝐺 ratios in SWCNT@BNNT samples to
isolate the BNNT signal (note, that without such subtraction the
obtained ratios would be excitation energy-dependent due to dis-
persive character of IFMs). Furthermore, we estimated the BNNT
coverage from TEM images by measuring the length of the BNNT
coating and the length of the naked SWCNTs (Section S2, Sup-
porting Information), as illustrated in Figure 6b with dashed red
and white lines, respectively.

We observed a clear positive correlation between the 𝐼𝑅/𝐼𝐺

ratio and the BNNT coverage estimated by TEM, as shown by
the blue dashed line in Figure 6c (the data were fitted using
a simple linear model due to the limited experimental range
of BNNT coverage). Additionally, we found that the frequency
shift of the G-band also correlated with the IR/IG and BNNT
coverage (Figure S15, Supporting Information). Similar trends
were noted in our recent study on SWCNT@BNNT films[29] and
were well explained by the effects of interlayer van der Waals
interactions.[41–43] However, the quantitative correlation between
IR/IG and BNNT coverage was not established in that work due to
its focus on optical studies rather than TEM. Our current findings
definitively establish the IR/IG ratio as a reliable criterion for eval-
uating the growth efficiency of BNNTs in 1D vdW heterostructure
samples.

6. Conclusion

This study introduces a systematic method for efficiently growing
SWCNT@BNNT heterostructures on a TEM grid using zeolite-
based SWCNT templates. Through high-resolution TEM and Ra-
man mapping, we demonstrate a significant enhancement in the
growth efficiency of these heterostructures with increasing am-
monia borane precursor amounts within the BN CVD system.
Optimizing the precursor amount to 90 mg results in a notable
improvement in BN coating, increasing the coverage by the first
BN layer on individual nanotubes from 9% to 42%.

Additionally, by employing identical BNNT synthesis con-
ditions, we directly compare the growth efficiency using
zeolite-based SWCNT templates with the current benchmark,
namely free-standing SWCNT films. We find that zeolite-based
SWCNT@BNNT samples exhibit slightly lower but still compa-
rable growth efficiency to the film templates, despite differences
in template morphology and diameter ranges.

Importantly, by integrating all Raman and TEM data from the
studied samples, we establish a positive quantitative correlation
between BNNT coverage and the intensity of the R-mode of BN-
NTs. This correlation serves as a reliable criterion for evaluating
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Figure 6. Characterization of BNNT growth by combining TEM and Raman mapping. a) Averaged Raman spectra of SWCNT@BNNTs illustrating the
integrated intensity of the R-mode of BNNTs (inset) and the G-mode of SWCNTs used for calculation of the intensity ratio IR/IG. b) Representative TEM
image for analyzing the coverage of the first BN layer. The lengths of the naked CNT (L0

CNT, white dashed line) and the BNNT (LBNNT, red dashed line)
were measured and used to calculate the coverage. c) The correlation between intensity ratio IR/IG and BNNT coverage for SWCNT@BNNT samples
synthesized using various types of templates: zeolite-based 12CNT@BNNTs (circles), 12CNT@BNNT films (squares), zeolite-based 13CNT@BNNT
(downward triangles) compared to the pristine zeolite-based 12CNT sample annealed at 1075 °C (upward triangle). Error bars represent one standard
deviation.

the growth efficiency of BNNTs in 1D vdW heterostructure
samples. The developed methodology for synthesis and char-
acterization, which combines TEM analysis and Raman map-
ping, facilitates the exploration of optimal growth parameters
and investigation of the intrinsic properties of SWCNT@BNNTs
and other carbon nanotube-based vdW heterostructures. Such
advancements accelerate the implementation of 1D vdW
heterostructures in innovative applications[44] across fields
such as nanoelectronics (with SWCNT@BNNTs as conven-
tional FETs,[23] “gate-all-around” FETs[10] or heterojunction
diodes[14]), as well as in photonics,[45] and thermal interface
materials.[12,46]

7. Experimental Section
Synthesis of SWCNTs: The zeolite-based SWCNT template used in this

study was prepared using the alcohol catalytic chemical vapor deposition
(ACCVD) method. A Fe–Co catalyst (2.5 wt% for each metal) was em-
ployed for SWCNT growth.[27,47] The process involved dissolving 100 ±
5 mg of zeolite-supported co-catalyst powders in 10 mL of ethanol, which
was then sonicated for 30 min to ensure proper mixing. The 0.1 mL of the
resulting uniform solution was extracted and dispersed onto SiO2 TEM
microgrids, followed by natural drying for 15 min.

Next, the TEM grids were placed in a quartz boat and heated in a quartz
tube using an electric furnace. The temperature in the center of the quartz
tube was increased to 800 °C, while 300 sccm (standard cubic centime-
ters per minute) of Ar/H2 (3% H2) was simultaneously introduced at a
constant pressure of 40 kPa to reduce catalysts. After a 10-min reduction
reaction, ethanol vapor was supplied for 5 min, maintaining a pressure of
1.3 kPa in the chamber.

The free-standing SWCNT films used in this work were synthesized us-
ing an aerosol CVD method.[38] In this process, ferrocene vapor (float-
ing catalyst) mixed with CO or ethanol (carbon source) was introduced
into the high-temperature zone of a ceramic tube reactor. The resulting
SWCNTs formed bundles with lengths ranging from 1 to 5 μm and di-
ameters between 1.3 and 2.0 nm. The as-synthesized SWCNT films were
directly transferred onto SiO2 TEM grids for subsequent TEM and Raman
characterization.

Synthesis of the BNNTs: The BNNT layers were synthesized by ther-
mal CVD using ammonia borane (NH3BH3, 97%, Sigma-Aldrich) as the
BN precursor.[11] In short, the zeolite-based SWCNTs on TEM grids were
positioned 5 cm downstream from the center of the furnace. The BN pre-
cursor was uniformly spread out in the quartz boat, covering an area of
3 ± 0.3 cm2. It was loaded 40 cm upstream from the furnace center and
heated to 70 ± 3 °C using an electric heating belt. The vapor of the BN
precursor was then carried by a flow of 300 sccm Ar/H2 (3% H2). The
temperature inside the reaction chamber was maintained at 1075 ± 5 °C,
with a constant pressure of 300 ± 10 Pa.

The BNNT growth conditions previously established for free-standing
film samples (referred to as the “conventional growth conditions” in the
text)[28] included the use of 30 mg NH3BH3 with a growth time of 1 h.
To optimize the BN coating, the growth time was varied from 1 to 2 h
and then to 3 h, with the amount of NH3BH3 fixed at 50 mg. In another
run, the growth time was fixed at 1 h but varied the amount of ammonia
borane from 30 to 120 mg with a step of 30 mg (the spreading area of the
precursor in the quartz boat was roughly controlled to be the same).

Observation of Hetero-Nanotubes by Electron Microscopy: The morphol-
ogy of both the zeolite-based samples and free-standing films was exam-
ined using a Scanning Electron Microscope (SEM) (S-4800, Hitachi Co.,
Ltd. SEM). The SEM was operated at an acceleration voltage of 1.0 kV and a
working distance of 8 mm. To capture high-resolution details, conventional
high-resolution TEM (JEM-2800, JEOL) images were taken at an acceler-
ation voltage of 100 kV. The details of the BNNT coverage quantification
using HRTEM are presented in Section S2 (Supporting Information).

Raman Spectroscopy Characterization of Hetero-Nanotubes: Raman
spectra were acquired using a Renishaw inVia Raman spectrometer
equipped with the following laser sources and diffraction gratings: 488 nm
(2400 grooves per mm) and 532 nm (1800 grooves per mm). All mea-
surements were performed in a backscattering geometry utilizing a 50x
long-distance objective lens (NA = 0.5) in ambient conditions. To prevent
potential heating effects on the SWCNTs, the laser power density used dur-
ing measurements was varied in the range of 10 to 40 kW cm−2. Raman
mapping was performed in a point-by-point mode with a scanning area
of up to 50 μm × 50 μm with 1 μm steps, including ≈1000–2500 spec-
tra for each sample. To address the calibration uncertainty during the long
Raman mapping, reference silicon spectra were consistently measured im-
mediately before and after conducting Raman mapping for each studied
sample. The frequency of the Raman spectra in the map was then adjusted
by half of the observed shift in the silicon peak (typical absolute shifts
were of the order of only 0.25 cm−1). Subsequently, each spectrum with
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non-zero G-band intensity in the map was fitted by a set of Lorentzian line
shapes and the information on the peak position, intensity, and FWHM
was collected for subsequent statistical analysis (see details in Section S4,
Supporting Information).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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