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Single-walled carbon nanotubes (SWCNTs) are among the most
fundamental and revolutionary building blocks. Therefore, finding
methods to tune their properties is highly desirable. Substitutional
doping represents one feasible path toward this goal, in particular,
for the semiconductors industry. In this work, it is shown how high-
vacuum chemical vapor deposition (HV-CVD) enables the reliable
and consistent growth of small-diameter B-doped SWCNTs with a
set narrow diameter distribution over a 300 °C temperature win-
dow, independent from the composition of various tested catalysts.
The synthesis parameters have only a minor influence on the
diameter distribution. The method is rather feedstock and pressure
dependent. This was explored using a wide range of catalysts,
including both single- and multi-metal systems using different
supports. These results demonstrate the versatility and robustness
of HV-CVD with low-vapour pressure B-containing feedstocks as a
path to nanotubes with defined and, with most catalysts, very
narrow diameter distribution with minimal post-processing.

Carbon nanotubes (CNT) gained significant attention in the last
decades owing to their outstanding physical properties." Among
their promising applications counts the integration as compo-
nents for next-generation nano-electronic devices,> primarily
because their structural, mechanical, and electronic character-
istics are closely linked to the geometric distribution of the
carbon (C) atoms along their tubular structure." In particular,
the electronic properties of a single-walled CNT (SWCNT)
depend strongly on its diameter and chirality.® From this, it
becomes clear that reliable techniques are needed to produce
and sort nanotubes with specific characteristics. Among the
strategies to tune the properties of SWCNTs is the controlled
doping with heteroatoms such as boron (B) and nitrogen (N).*®
This offers a way to tailor the electronic properties of these
materials. Theoretical studies on p-type doping in SWCNTs
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using B atoms have focused on how they substitute C atoms
within the lattice.’™" Given its one-electron deficiency compared
to C, B substitution introduces localized states below the Fermi
level Er and yields a shift toward a p-type semiconducting
behavior.”" It is expected that at low doping concentrations,
the Fermi-level shifts down following a rigid band model,
whereas at higher B-contents, different scenarios can be con-
sidered, such as the appearance of an acceptor state slightly
above the valence band edge to the formation of hybrid C/B
structures that do not comply a rigid band shift compared to
their pristine counterparts.”'® Another possible scenario is the
formation of B nanodomains along the tubular structures."*** It
is clear that in all these cases, B incorporation can modify not
only the electronic but also the optical, vibrational,'*'?
thermal,"® and catalytic'” properties of SWCNTs. This explains
studies towards applications in fields such as gas sensing,'®"°
solar cells,>**! batteries,?* flexible devices,* and even super-
conducting materials.’* B has been significantly less explored in
applications over the past decades, compared to N doping in
single-walled structures specifically.>”*"**>® The reasons
behind this comprise practical difficulties with the different
synthesis methods, and the attainable doping levels. A list of
the available studies, to the best of our knowledge, on B-doped
SWCNTs (CBx-SWNTSs) can be found in the SI Yet, their synth-
esis remains challenging in terms of yield and, to some extent in
reproducibility. Laser ablation®”*® and arc discharge"® have been
able to produce long CBx-SWNTs but the dopant concentration
using these high temperature methods is very limited and B has
hardly been detected.>® Substitution reactions using SWCNTs
and B,0; have been used as alternative methods yielding CBx-
SWNTs with B contents in the range of 1-3 at%.">***° Chemical
vapor deposition (CVD), while more efficient for upscaling,
presents experimental challenges due to the reactivity of B atoms
with the reactors, unlike in standard protocols used for pristine
SWCNTs. In this context, high-vacuum CVD (HV-CVD) methods
employing low vapor pressure precursors have proven highly
successful.*™** Still, even using low vapor pressures, only two
liquid C/B feedstock types®'*?* and one solid precursor®>>°
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have so far produced CBx-SWNTs with a clear substitutional B
content. The CBx-SWNTs reported with these methods have been
shown to grow within a small diameter range (when using liquid
feedstocks)®” and substitutional B contents below 1% have been
revealed by XPS in non-purified samples,*® although purification
protocols for such materials have also been reported.>* On the
other hand, using a solid precursor in HV-CVD has shown to
favor the B incorporation in the lattice with a record substitu-
tional configuration.>® Despite all efforts, the synthesis of CBx-
SWNTs is evidently limited compared to the pristine material
that can be easily produced nowadays with CVD-related meth-
ods. Different strategies have been developed to enhance yield
and promote selectivity. Among others, the use of bi-metallic
catalysts is a very efficient option for pristine tubes.**** When
using them, the diameter distribution of the resulting materials
is typically broad for most hydro-carbon feedstocks used in CVD.
However, while using various bi-metallic catalysts in our HV-CVD
synthesis of CBx-SWNTs, the diameters remain narrowly distrib-
uted regardless the catalyst. In previous works, mainly iron-
based catalysts had been proven effective.*> Here we show that
it is possible to use catalysts consisting of Fe, Fe-Co, Fe-Mo, Fe-
Cu and Co-Mo supported in MgO and SiO,. Remarkably, mostly
small-diameter nanotubes grow across a temperature window of
300 °C. Moreover, the diameter distribution is constant and
solely dependent on the feedstock.

The synthesis was carried out via the HV-CVD procedure
using triisopropyl borate (CoH,;,BO;) as the carbon/boron feed-
stock. After the catalysts were mixed and calcined, they turned
into homogeneous powders with metal loadings ranging from 1 to
2.5 wt% per metal (see further details in the SI). The HV-CVD
process begins with the catalysts placed in the system and
pumped to a base pressure of 10~ ® mbar. They are subsequently
reduced under a hydrogen flow while heating (~ 500 °C to 600 °C).
After restoring the system to the base pressure, the temperature is
increased (600-900 °C), at which point the catalyst is exposed to a
continuous flow of CoH,;BO; for 20 minutes. The system is then
evacuated to the base pressure until cool.

The resulting samples were first inspected by Raman spectro-
scopy with a 633nm excitation wavelength (Fig. 1a). A multi-
frequency inspection was also carried out but we focus here on
this laser line because it has revealed better the strongest resonant
signals arising from larger diameter tubes, which are otherwise not
revealed by optical absorption spectroscopy (OAS) when inspecting
the overall diameter distribution (Fig. 1b). The spectra of the
highest yield catalysts in Fig. 1a show that it is possible to produce
efficiently single-walled material within a characteristic tempera-
ture window. However, from a combination of the results obtained
from all the characterization techniques, it was clear that the main
difference among the product from the different catalysts was the
effective nanotube yield. Fig. 1a shows the Raman spectra of
samples synthesized with different catalysts at 800 °C, since this
temperature gives consistently high-yield. The I,/I; ratio indicates
that the highest structural quality is achieved with Fe, Fe-Co, and
Fe-Mo-based catalysts. The RBM region reveals that the catalyst
composition has a more pronounced effect on the diameter
distribution than the synthesis temperature. This observation is
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Fig. 1 Spectral response of material synthesized with different catalysts
(@) Raman spectra the RBM, D and G band. (b) OAS in the Ej; region
dispersed in 2% DOC. Dashed lines indicate energy ranges corresponding
to specific average diameters, which are noted at the top.

consistent with previous reports linking nanotube diameter to the
catalyst structure.** The smallest diameters are obtained using a
silica support, in contrast to magnesium oxide, though at the
expense of significantly lowering yield. Among the higher-yield
catalysts (Fe, Fe-Co, Fe-Mo on magnesium oxide), nanotubes of
similar diameters are in resonance with the same laser lines.*’
This suggests that the diameter growth range is similar for all
samples, but the diameters out of the stable growth window can be
tuned by changing the catalyst. The spectra in Fig. 2 correspond to
material synthesized using an Fe-Co catalyst, which had overall
the highest CBx-SWNT yield, and this material will be discussed
further herein (additional spectra recorded from the other materi-
als obtained from the highest yield catalyst can be found in the SI).
We observed that nanotubes can be grown with temperatures as
low as 600 °C but, from the I/l ratio, 700 °C appears to be the
onset for a more crystalline material, which attains its highest yield
at 800 °C. The radial breathing mode (RBM) reveals, at first
inspection, a consistent proportion of the same chiralities are
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Fig. 2 Raman spectra of samples synthesized using the Fe-Co MgO
catalyst at different temperatures measured using a 633 nm excitation
wavelength. The RBM, D, G and 2D bands are shown. The Ip/lg ratio is
indicated as inset.

Chem. Commun., 2026, 62, 4532-4536 | 4533


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc07030a

Open Access Article. Published on 06 February 2026. Downloaded on 3/3/2026 10:13:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

present across the different synthesis temperatures.”> An overall
range of diameters between 0.7-1.8 nm can be identified but the
highest Raman intensity still appears for diameters between 0.9
and 1.3 nm, as had been observed previously with Fe-based
catalysts.*’*” This narrow window of highest population of
diameters appears to be very characteristic of CoH,;BO3. To
gain a better overview of the diameter distribution it is necessary
to look into the OAS, which provides a response of the diameters
within a single measurement (see Fig. 1b). Unlike Raman
spectroscopy, this technique is not resonance-dependent and
therefore provides a more reliable estimate of diameter and
chirality distributions. Prior to measurements, the samples were
dispersed in 2 wt% deoxycholic acid sodium salt (DOC), cen-
trifuged, and the supernatant was collected to remove catalyst
residues, amorphous carbon, and other impurities. While dif-
ferences in the diameter distributions between the samples are
clearly visible, no strong dependence on size distribution is
observed in these OAS measurements, in contrast to the results
obtained from Raman spectroscopy with tubes of diameters
ranging between 0.75 (6,5) and 0.97 (8,6), which is the range
previously identified as feedstock dependent. Note that the
transition energies here are not purely dependent on diameter
(without further considerations), thus only a distribution has
been taken from the data rather than the exact diameters
present in the sample.The OAS spectra of material made using
the Fe-Co:MgO catalyst reveal consistent growth from 600 to
900 °C. The absorbance spectra in the E;; range for different
temperatures are shown in the inset of Fig. 3. Here, it can be
observed that the absorbance broadens towards lower energies,
suggesting the presence of larger diameters for higher synthesis
temperatures, which is to some extent in agreement with the
Raman measurements. Note that the samples are not purified
so the intensities cannot be directly related to sample quality, as
they are influenced by varying optical densities due to differ-
ences in the amount of starting materials and the residual
catalyst. We have applied a short cleaning procedure to discern
the effect of temperature (or catalyst) on the synthesis process,
without introducing variability from different purification
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Fig. 3 Tube diameter distribution estimated from OAS on samples of
made with a Fe—Co:MgO co-catalyst using 600 to 900 °C. The full OAS in
the Eyq region of CBx-SWNT dispersed in DOC2% is shown as inset.
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methods, which might be more chirality dependent. Although
different surfactants exhibit varying affinities for specific dia-
meter ranges of nanotubes,*® this has not been accounted for in
the present study. Nevertheless, DOC is among the most widely
used surfactants for dispersing nanotubes across a broad
diameter range.

All OAS were fitted with Voigt functions to obtain the
absorption energy and abundance of the different tubes present.

. . 1 . . .
Using the approximate p relationship between diameter and

absorbance in the E;; region of the nanotubes, we plotted the
abundances per sample as a function of diameter for the
distributions of the synthesis at different temperatures, as
shown in the main panel of Fig. 3. It is important to emphasize
that due to the absorption of water, the absorbance below 1 eV
cannot be determined and larger diameter tubes cannot be
identified. Therefore, complementing the optical absorbance
data with the Raman measurements performed earlier, we
obtain a reliable picture of the overall diameter distribution of
the sample. Fig. 3 shows that the median diameter remains
constant at 0.85 nm for synthesis up to 850 °C. At higher
temperatures (900 °C), however, the median as well as the
average shifts toward larger diameters, and the quality of the
material deteriorates. Within the optimal synthesis range of 700-
850 °C for this system, as determined from the Ip/Ig ratio of the
Raman spectra, the distribution remains nearly unchanged. This
indicates that in the optimal range the synthesis process is
largely temperature independent. Similar results are obtained
when using different catalysts (Fig. 1b) although the changes in
the distribution are slightly more pronounced. When varying the
catalyst, the distribution remains unchanged while the median
diameter shifts. In contrast, replacing a bi-metallic catalyst
containing iron with one without it, results in the same median
diameter but shifts the distribution toward larger diameters.
These observations indicate that although small variations can
be induced through changes in synthesis parameters, the overall
outcome of the synthesis remains largely consistent even under
substantial modifications. As a result, we are able to take
advantage of the enhanced versatility of the method, which
consistently yields small-diameter tubes with a narrow diameter
distribution. At the same time, the well-known and well-
understood electronic properties of pure C nanotubes are pre-
served. In addition to demonstrating robustness with respect to
temperature and catalyst variations, the reproducibility of the
synthesis was evaluated. With this purpose, several experiments
were carried out under the same condition and the resulting
nanotubes were measured also under identical conditions. From
the Raman measurements, we could observe that the RBMs
remained practically invariant (including their intensities), while
the Ip/lg ratio varies by no more than 0.02 units between
experiments (see SI). This clearly proves the reproducibility of
our results and the robustness of the method.
Photoluminescence (PL) measurements were performed to
further evaluate the optical properties of the CBx-SWNTs, as light
emission plays a crucial role in many potential applications. A
representative PL excitation map of a sample synthesized at

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 PL excitation map of CBx-SWNT synthesized at 800 °C (Fe—Co co-
catalyst on MgO), dispersed in water with DOC. PL intensity is shown on a
logarithmic scale to highlight the different chiralities present in the sample,
which are identified and circled.

800 °C using the Fe-Co on MgO catalyst and dispersed in water
with DOC is shown in Fig. 4. The PL intensity is plotted on a
logarithmic scale to emphasize the different chiralities present in
the sample, which are circled and labeled for clarity. The observed
diameter distribution again remains narrow, ranging from
approximately 0.75 nm (6,5) to 1.1 nm (10,6). Also here, the larger
diameter tubes which, based on the Raman spectra, are present in
the sample are again not visible due to the absorbance of the
emitted light by the water solution. These results confirm the
presence of well-defined chiralities and illustrate the potential of
such samples for optoelectronic and bio-imaging applications.

Summarizing, the low vapour pressure of CoH,;BO; com-
bined with a HV-CVD procedure enables a reliable and consistent
growth pathway for CBx-SWNTs within a highly populated and
constrained thin tube-diameter range. Independent of the
catalyst used, a wide temperature range from 700 to 900 °C allows
the growth of material. Raman and absorbance spectroscopy
reveal that variations in synthesis parameters have only a minor
impact on the resulting diameter distribution. Furthermore, a
persisting morphology can be identified using a wide range of
catalysts. Their composition can affect the overall sample quality
but the presence of tubes within the diameter range between 0.9
and 1.3 nm remains present almost unaltered while using the
same feedstock. In addition to the robustness under varying
synthesis parameters, the results are highly reproducible under
identical conditions. These results highlight the versatility and
robustness of this HV-CVD approach. Given its simplicity, the
weak parameter dependence, and the scale-up potential, this
approach represents the possibility of efficiently enabling their
applicability.
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