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The unique attributes of carbon nanotubes (CNTs) establish them as the preferred material for fabricating
sophisticated membrane architectures. However, CNT membranes are also susceptible to degradation
under harsh environmental conditions, necessitating protective measures to maintain their functionalities.
This study presents deposition of boron carbide (B4C) thin films as protective coatings on CNT mem-
branes using chemical vapor deposition. Electron microscopy shows that B,C films were uniformly de-
posited on the CNTs. Raman spectroscopy shows the preservation of the G and D bands, with a notable
stability in the RBM bands, while XPS measurements show sp? hybridized C—C bonds and an additional
shoulder characteristic of the deposited B4C film. This suggests that the CVD process does not degrade
the CNTs, but merely adds a layer of B4C to their outer surface. This deposition process also allows for
precise control over the membrane’s pore size, offering the potential to fine-tune the properties of CNT
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1. Introduction

Carbon nanotubes (CNTs) are cylindrical structures made of
sp>-bonded carbon atoms with diameters ranging from 0.7 to
100 nm and lengths of up to several micrometers." CNT
membranes consist of aligned or randomly oriented CNTSs
forming a network of nanopores that enables selective trans-
port or filtration of particles.”® CNT membranes have several
advantages over conventional membranes, such as high per-
meability, low fouling, high thermal and mechanical stability,
and tunable selectivity.”® They have attracted considerable
attention for various applications, such as water treatment,’
desalination,'®'" chemical separation,'* and energy storage.'
However, CNT membranes are also susceptible to environ-
mental degradation, such as plasma induced damage, chemi-
cal degradation, or microbial growth which can compromise
their performance and durability, especially in harsh
environments.>'*'®> Degradation can lead to changes in the
effective pore size or changes to other properties of the
membrane.>"?

One possible way to protect CNTs from external damage
and improve their performance is to coat various materials
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onto CNTs that can enhance their durability and functionality
in harsh environments.>'*'®'” For example, coating with
metal oxides such as TiO,, Al,O3;, ZnO, or NiCoO, onto CNTs
can enhance their anti-fouling and anti-oxidation capabilities,
as well as impart photocatalytic, hydrophobic or electro-
chemical properties."®?® Depositing polymer layers can
modify the electrical and thermoelectric properties, and it also
holds promise for biotechnological applications.**>°
Deposition of nanomaterials, such as graphene, gold, nanodia-
mond, or fullerene, can enhance the photoelectrical, electrical,
thermal, and mechanical properties of CNTs, and enable new
applications, such as sensors, electromagnetic shields, electro-
des, or electrochemical material.>”~>°

Although capping or surface modification of CNTs with
thin films or nanoparticles of various materials has been pro-
posed to protect and functionalize CNTs, depositing materials
uniformly around CNTs in a free-standing membrane structure
is challenging due to their highly complex 3D morphology.
The thickness of the deposition must be meticulously regu-
lated to ensure that the CNT pores remain unobstructed and
to achieve uniform surface coverage. The standard film depo-
sition technique for highly conformal thin film deposition
onto topographically complex surfaces is atomic layer depo-
sition (ALD),>"**> which is based on sequential, self-limiting
surface chemical reactions.

Due to its high hardness, high thermal stability, high
chemical resistance, and low-density,® boron carbide stands
out as a material of great interest for encapsulating carbon-
aceous materials. It has been reported that thin film depo-
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sition of boron carbide can improve the chemical stability of
graphite films,>* even in plasma facing components for
nuclear application.>® But deposition of boron carbide thin
films by ALD is difficult to realize due to the limited number
of precursor chemistries that exhibit self-limiting surface
chemistry to deposit carbides by ALD. In this study, we explore
the potential application of a recently developed chemical
vapor deposition (CVD) process*® for boron carbide (B,C) thin
films onto CNTs in a membrane structure. By using triethyl
boron as a single source CVD precursor and Xe as a diffusion
additive we demonstrate highly conformal deposition of B,C
thin film onto CNTs with various diameters arranged ran-
domly in a free-standing membrane structure. This method
also illustrates the capacity of the CVD process to fine-tune the
pore dimensions within the composite membrane.

2. Experimental

2.1. Deposition process

The thermal CVD process was carried out in a horizontal hot-
wall CVD reactor. Semiconductor-grade triethylboron (TEB,
B(C,H;);) from SAFC Hitech was employed as the single-source
precursor and palladium membrane-purified hydrogen gas
(H,) served as both a carrier gas and a co-reactant. To maintain
stable precursor delivery, TEB was stored in a stainless-steel
bubbler within a thermostat bath at 0 °C, maintaining a vapor
pressure of approximately 1.65 kPa. This stability was achieved
by bubbling hydrogen gas through the liquid TEB.
Additionally, a co-flow of xenon (Xe) (99.998%) was introduced
as a diffusion additive. Deposition without added Xe rendered
less conformal coating on the CNTs. Thin films were deposited
on both CNT membranes, consisting of randomly arranged
few-walled carbon nanotubes with various diameters supplied
by Canatu,?”*®* and polished Si(100) substrates for reference
samples. The CNTs were in the form of a free-standing mem-
brane stretched over a quartz frame giving a total area of about
25 x 25 mm. The CNT membranes were used as received. For
reference experiments, 10 x 10 mm Si substrates were washed
in an ultrasonic bath in acetone and ethanol for 3 minutes
and then blow-dried with nitrogen gas. CNT membranes or Si
substrates were loaded into a SiC-coated graphite susceptor in
the CVD reactor. The reactor was evacuated, backfilled with
hydrogen gas (H,), and heated to deposition temperature,
550 °C, under a 2000 sccm flow of H, at 5 kPa, regulated by a
throttle valve on the process pump. The temperature was
stabilized for 5 minutes at the deposition temperature before
initiating the deposition process by introducing TEB into the
reactor. A flow of 1 sccm of TEB, resulting in a partial pressure
of 1.18 Pa, was used along with 100 sccm of xenon (Xe), achiev-
ing a partial pressure of 18 Pa. The total pressure was main-
tained at 5 kPa for the deposition.

2.2. Characterization

Scanning transmission electron microscopy (TEM) was carried
out using the Linkdping double corrected and monochro-
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mated FEI Titan® 60-300 (S)TEM equipped with a high bright-
ness Schottky field emission gun (XFEG) and operated at 300
kV. The achieved resolution was measured to 0.7 A on a Au/Pd
nanoparticle reference grating. A Wien type monochromator
was used to control the beam current to 40 pA. Electron
energy-loss spectroscopy (EELS) mapping was performed using
a Gatan GIF Quantum ERS 966 dual EELS spectrometer with
1.2 eV energy resolution in non-monochromated mode at 300
kV and at 0.25 eV dispersion. DualEELS mapping was carried
out using high speed acquisition mode to limit the dose.
Scanning TEM (STEM) images were acquired with an annular
dark field (ADF) detector using a 21.5 mrad convergence semi-
angle and with a camera length corresponding to 60-180 mrad
collection angles. STEM cross-section samples were prepared
by delaminating membranes fixed to SiN frames in pure
ethanol followed by float deposition on a Cu TEM ring. Image
and spectrum processing was carried out using Gatan
Microscopy Suite (GMS) 3.52 with licensed plugins for EELS
spectrum imaging and elemental quantification. EELS quanti-
fication was carried out using the Hartree-Slater scattering
cross-section model with low-loss corrected plural scattering
deconvolution and near edge exclusion of 20 eV.

X-ray reflectivity measurements were used to measure the
thin film thickness on polished Si substrates and to calibrate
the deposition process for depositing very thin and uniform
films. The measurements were performed by utilizing Cu K,
radiation with the Cu K component filtered out by a nickel
filter. The data were recorded using an X'Pert MRD diffract-
ometer with a 1/32° divergence slit and a 0.27° plate collima-
tor, followed by analysis for film thickness and density using
PANAlytical X'Pert Reflectivity software. A scanning electron
microscope (SEM), specifically Zeiss Sigma 300 model was
used to investigate the morphology of pristine and composite
membranes. The in-lens secondary electron detector, with a 15
keV accelerating voltage and a 30 um aperture, was used to
micrograph the membranes. X-ray diffraction (XRD) analysis
was conducted with a PANAlytical X'Pert Pro diffractometer.
The incident beam side featured a Cu K, X-ray source, which
was outfitted with a Bragg-Brentano HD and had J° divergence
slit as primary optics. On the diffracted beam side, the appar-
atus includes an X’celerator detector that functioned in scan-
ning mode, accompanied by a 5 mm antiscatter slit. The 002
peak of the diffraction curve was extracted, background sub-
tracted and fitted with basic Gaussian function to estimate the
full width at half maximum (FWHM).

X-ray photoelectron spectroscopy (XPS) was employed to
investigate the chemical environment within the films using
an AXIS Ultra DLD instrument from Kratos Analytical. The
resulting data were analyzed using CasaXPS*° software. Given
that the material was amorphous phase with the presence of
amorphous carbon, the calibration was performed against the
sp> hybridized C-C peak position set at 284.5 eV. Time-of-flight
elastic recoil detection analysis (ToF-ERDA) measurements were
conducted on B,C film of 800 nm thickness deposited on Si
substrate. The measurements were performed using 36 MeV
Iodine (**1%%) ions as projectile beam and with a time-of-flight
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detector. The elemental composition was estimated by extract-
ing the histograms and converting them into depth profile of
elemental composition using Potku software.*°

Raman spectroscopy measurements were conducted
employing a 532 nm laser for excitation at 25 mW power, uti-
lizing a x60 objective lens. The spectral data were collected
with an accusation time of 20 s and an accumulative average of
15 scans to avoid measurement artifacts and cosmic ray
spikes. The spectra backgrounds were fitted with linear back-
ground and subtracted before the analysis. Some measure-
ments were carried out on thick B,C film deposited on Si sub-
strate. The known crystalline Si reference sample was used to
calibrate the spectrum.

The high-resolution SEM micrographs were image-pro-
cessed to analyze the porosity of the coated CNT membrane.
Both pristine and CNTs with B,C films of various thicknesses
were studied for comparison. The working distance, accelerat-
ing voltage, aperture, magnifications, brightness, and contrast
of the micrographs were kept constant among the processed
micrographs. A magnification of 100 000-times was deter-
mined to be optimum for minimizing the position indepen-
dent deviation from the average statistical distribution of the
membrane features. Initially, the images were converted to
gray scale and the contrasts of the images were normalized by
linearly mapping the intensity values from 0 to 255. The
number of depth levels were identified by analyzing the peaks
in the histograms of the images. The pore distribution was
mapped by processing the binarized micrographs using gradi-
ent magnitude, followed by watershed algorithms in Matlab,
see the ESIf for details. The porosity was estimated by aver-
aging the pixel intensity values of the gray scale depth mapped
micrographs and expressed in 0 to 1 scale.

3. Results and discussion

Fig. 1a-c shows the morphology of a pristine CNT membrane,
Fig. 1a shows a scanning electron microscopy (SEM) overview
image of the CNT network and Fig. 1b present a magnified
view showcasing the size distribution of pristine CNTs, Fig. 1c
shows a high magnification scanning transmission electron
microscopy (STEM) image detailing the structure of the CNT.
An SEM overview and a high magnification SEM image of the
CNT after 90 s CVD are shown in Fig. 1d and e, respectively. It
can be noted that no clustering or nanoparticle formation can
be seen at the intersections or in the pores, suggesting that the
CVD chemistry is highly conformal. The SEM micrographs
further reveal a flat membrane surface without any wrinkles,
exhibiting no bowing or curvature caused by the CVD process.
The film thickness appears to be uniform, regardless of nano-
tube diameter (Fig. 1d and e). However, for ultra-narrow tubes
with a diameter of less than 2.5 nm, no deposition was
observed. We ascribe this hindered nucleation of B,C films
from TEB molecules to the inherent surface energy condition
of ultra-narrow tubes, which is not favorable to the film
formation.*** Fig. 1f shows the corresponding high magnifi-
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cation STEM image of a single B,C coated CNT, indicating that
it is possible the CNTs remain intact after the CVD process.
STEM imaging at the present experimental conditions
promote mass contrast (~Z"%*). Hence, the lack of intensity in
the core further suggests that it is possible the CNTs are intact.
Fig. 1g and h shows the elemental distribution of B and C as
captured from EELS elemental maps (employing the B-K and
C-K edges), around CNTs, respectively. An EELS line scan
(indicated by white arrows in the EELS maps) is presented in
Fig. 1i, showing a B rich shell and C rich core.

XPS was used to analyze the chemistry of the B,C deposited
CNTs. The pristine membrane exhibit an intense narrow peak
at 284.5 eV attributed to sp” hybridized C-C ** bonds (Fig. 2a).
Additionally, a low intensity peak centered at 285.9 eV was
assigned to C-O"** bonds. In contrast, the CNT membrane
after CVD shows four distinct peaks (Fig. 2b). Major peaks cen-
tered at 284.6 eV, 283.3 €V and 282.4 eV were assigned to sp’
hybridized C-C bonds, C-B** bonds (where sp® hybridized
carbon atoms are bonded to the equatorial B atoms in the ico-
sahedra),”” and C atoms bonded to the sp hybridized B atoms
in the C-B-C** chains,”® respectively. Satellite peaks centered
at 286 eV and 289 eV were assigned to C-0 "** and 0-C=0**
bonds, respectively. A shoulder can be observed below 284 eV,
which arises from the deposited film where C was bonded to
less electronegative B atoms. Further, broadening of the major
peak centered at 284.5 eV indicates contribution from both the
deposited film and the CNT underneath. We suggest that the
differential charging of the membrane surfaces before and
after CVD contributed to the broadening of the FWHM of sp®
hybridized C-C bond signals from 0.85 eV to 1.20 eV. The B 1s
core level spectra shows three peak positions (Fig. 2c). While
the major peak at 188.2 eV was assigned to the B-B *° bonds in
the icosahedra structure,”” the peak centered at 188.8 eV was
assigned to B-C ***® bonds, and the minor peak at 190.6 eV
was assigned to B-O***® bonds. The B rich B,C or B;;C,
phases that form B icosahedra clusters connected by C-B-C
linear chains,*”*® giving a higher intensity signal for B-B
bonds compared to B-C bonds, is typical for B-rich carbide
material.

Elemental composition from ToF-ERDA (Fig. 2d) of a
thicker film on Si from the same CVD process gives 81 at% B,
18 at% C, 0.5 at% O and 0.2 at% H, i.e., a B,C stoichiometry of
the film, corresponding to the low temperature phases of
B,5C, or B;,C3.3** XPS on this B,C reference film shows an
agreement with the XPS spectra of the CNTs after CVD. The C
1s spectrum of the reference film (Fig. 2e) can be fitted with
the same components corresponding to C-B and C-B-C bonds
as the C 1s spectrum of the CNTs after CVD. The fitting curve
corresponding to amorphous carbon in the reference film
aligns with the higher intensity peak from the C-C bonds in
the membrane. Presence of some amorphous carbon phase is
typical in boron carbide CVD deposition from metalorganic
precursors.*®*® The B 1s XPS spectrum of the reference film
(Fig. 2f) show a similar B-B to B-C signal intensity ratio as in
the B 1s spectrum of the CNTs after CVD. In addition, the C-B
to C-B-C intensity ratio is similar in the CNTs after CVD and
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(@) and (b) SEM micrographs showing a pristine CNT membrane. (c) ADF STEM image of a single CNT. (d) and (e) SEM images showing

uniform deposition of a thin film on the CNT membrane. (f) ADF STEM image showing a CNT after CVD. (g) EELS B—K map. (h) EELS C-K map. (i)

EELS line scans across the B,C deposited CNT indicated by white arrows.

in the reference film, suggesting that the process rendered a
similar material deposition on Si and the CNT membrane.

These observations and the preservation of the strong C-C
bonds and the emergence of an additional shoulder peak,
characteristic of the B,C film, suggest that the CVD process
does not cause any chemical decomposition of the nanotube
structure.

We further studied the compatibility of the B,C deposition
by Raman spectroscopy before and after the CVD process, as
the deposition may induce strain or defects in the CNT struc-
ture that will influence the vibrational modes,”'”** see Fig. 3.
The Raman spectra of CNTs typically exhibit three main fea-
tures, the radial breathing mode (RBM), the G band, and the D
band. The G band is a vibration mode that involves the stretch-
ing of the C-C bonds along the CNT axis, see Fig. 3a.>>> The
G band frequency reflects the bond length and angle of the
carbon atoms, and thus the strain and stress in the CNT. The
D band intensity reflects defects and doping in CNTs, with the
D peak being activated by the breathing vibrational mode of
hexagonal rings necessitating a defect.”® The RBM is a
vibration mode in which all the carbon atoms move radially in
and out, like a breathing motion (Fig. 3a).”> The RBM fre-
quency depends on the diameter, chirality, and structure of
the CNT, as well as the external factors, such as strain,
pressure, and temperature. It can be noted from Fig. 3b that
the CVD process slightly shifted the G band peak position. G
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band peak center observed at 1572.4 cm™" for the pristine CNT
membrane red-shifted to 1568.9 cm™" after the CVD process.
We attribute this to the reflection of the average stress experi-
enced by the CNT surfaces due to the film deposition.>® The G
band to D band intensity ratio (Is/Ip) which is commonly used
for screening the quality of the CNTs changed from 43 to 23.5
showing that the CVD process induced modification in the
CNT surface.”””® Nevertheless, the vibrational mode analysis
has several limitations despite its quick and convenient
nature.”® The diverse attributes contributing to the vibrational
band make the quantitative analysis difficult. The membrane
structure, consisting of randomly oriented nanotubes with
various diameters, further complicates the analysis. Despite
this complexity, we suggest that the CVD process, while modi-
fying the exterior walls as expected and needed for the film
growth, exhibits good compatibility with the CNTs. This is evi-
denced by the preservation of structural integrity, indicated by
higher G-band and lower D-band band intensities, as well as
RBM. Furthermore, the intense peak from the sp® hybridized
C-C bonds and the extra shoulder peak corresponding to the
film contributions observed from the XPS measurement align
with this observation.

We did not observe any Raman signal from the deposited
B,C, which can be explained by the high intensity of the
Raman signals from the CNTs hiding lower intensity signals
from B,C. The amorphous nature of the B,C can also contrib-

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) C 1s core level spectra for the pristine CNT membrane, (b) C 1s and (c) B 1s core level spectra for the CNT membrane after CVD. For com-
parison, (d) show elemental composition from ToF-ERDA, (e) C 1s and (f) B 1s core level spectra obtained for a thicker a- B4C film deposited with
the same CVD process on Si (100).
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Fig. 3 (a) Schematics illustrating G and RBM vibrational modes of CNTs, and (b) Raman spectra obtained for the pristine CNT membrane and the
CNT membrane after the CVD process with an added Y-axis offset.

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 5961-5971 | 5965


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr04704d

Open Access Article. Published on 03 February 2025. Downloaded on 5/8/2026 6:55:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

ute to the loss of signal intensity. We therefore deposited a
thicker B,C film on a Si wafer under the same conditions.
While XRD measurement of the thicker B,C reference film on
Si(100) suggests that the films are X-ray amorphous, Raman
spectroscopy of the reference film indicates the presence of
short-range order, as shown in Fig. 4. The broad peaks
between 400-700 cm ™" and 800 to 1300 cm ™" are characteristic
of an amorphous B,C phase with significant short range
order.®® The fitted peak positions in the background deconvo-
luted curve align closely with reported values. While the peak
centered at 325 cm™' is associated with disorder activated
vibrational modes,*® 473 cm™, 657 cm™' and 831 cm™,
933 em™" and 1090 cm™" are closer to the reported values for
B,4C.**"% The prominent peak observed at 473 cm™" is indica-
tive of the vibrational modes resulting from atomic displace-
ments within the icosahedra structure.®® The minor peak at
1526 cm™ ', is assigned as the G-band of amorphous carbon,
indicating the presence of some amount of amorphous

Intensity [arb. unit]

XAy X

I I
500 1000 1500
Wavenumber [cm™]

I
2000

Fig. 4 Raman spectroscopy measurement obtained for a thick B,C film
deposited on a Si wafer. The spectrum was accrued by exciting with a
532 nm wavelength laser. The background deconvoluted spectra was
fitted for the vibrational modes of the material.
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carbon. The C 1s core level XPS spectra (Fig. 2b) which show
sp> hybridized C-C, C bonded to sp hybridized B in the C-B-C
chain, and sp” hybridized C bonded to the equatorial B atoms
in the icosahedra, consistent with Raman attributes. The
Raman together with XPS suggest that the material has a dis-
ordered short-range order of B,C.

XRD analysis of the CNT membranes before and after the
CVD process reveals a peak that corresponds to the 002-crystal
plane of the CNTs (Fig. 5).°* Interestingly, the FWHM for the
002-peak reduced from 6.2 to 5.7 degrees after the deposition,
indicating an increase in the average diameter of the nano-
tubes in the composite form.®® Since intratube and intertube
contributions cause peak broadening, the standard Scherrer
equation is not suitable for estimating tube diameter without
resolving these components through curve fitting.”* While
Raman spectroscopy (Fig. 3), shows a decrease in the Ig/Ip
ratio, indicating surface modification after deposition, XRD
analysis suggests that the CVD process did not modify the
CNTs lattice. Instead, it apparently shows an increase in the
average diameter in composite form, indicating a possible
lattice matched interface.

From the characterization above, we conclude that the B,C
film grows on the CNTs without destroying their structure. B,C
is built up of B icosahedra and is known for its octet rule viola-
tion meaning that it does not have enough valence electrons to
form the standard two-electron two-center bond within the ico-
sahedra, resulting in more than two atoms sharing a pair of
electrons.*>*® We speculate that the electron deficient boron
icosahedra interacts with the out-of-plane n-cloud of the
rolled-up graphene-like structure of the CNTs. Electron diffrac-
tion measurement presented in Fig. 6 shows a broad frequency
band centered around the theoretical 2-21 and 4-32 reflec-
tions of B,C R-3m, confirming short range order. Interestingly,
the 1-14 CNT reflection overlaps with the 4-32 B,C reflection
at a 0.3% mismatch, a prerequisite for epitaxy. The observed
reduction in the FWHM of the 002-plane peak (Fig. 5),
suggesting an apparent increase in average diameter, is con-
sistent with the observation of near surface lattice matching,
which allows some more X-rays to scatter coherently and

FWHM: 5.7° — Fit
— Exp.

. Fit
B,C/CNTs —Exp.

CNTs
1 P
#‘i‘t‘ FWHM: 6.2° “"“r-.-.“"n‘;‘v‘q
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2 Theta [deg.]

coherently giving rise to the 002-peak position, and (b) the background-

subtracted XRD curve corresponding to the 002-peaks, with Gaussian fit, showing respective FWHM.
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Fig. 6 Electron diffraction pattern obtained for the B4C deposited
carbon nanotube membrane.

resembles an increase in the average number of walls in the
distribution.

The ability to control the film thickness during the CVD
process provides pore size tunability. Pore dimension and
transmittance properties of CNT membranes critically deter-
mine their efficiency in molecular and ionic transport and sep-
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o
8
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aration.®® These parameters can influence the permeation and
molecular discrimination capabilities of the CNT membrane.
From Fig. 7, it can be observed that the pore size of CNT mem-
brane can be tuned by depositing conformal B,C thin films of
desired thickness. We note that the 3, 5 and 8 nm thick films,
deposited for 90, 120, and 150 s, respectively, reduced the
porosity of the membrane from 0.70 to 0.65, 0.60, and 0.52,
respectively. This is important for various applications where
specific pore sizes are desired.”®”°® In addition to the inherent
tunability of pristine CNT membrane, our conformal B,C
deposition process allows a second stage of porosity control.
This process allows precise adjustment of membrane thick-
ness, enabling fine-tuning of pore size.

It can also be noted from these experiments that the film
thickness as a function of deposition time does not intersect
origin. This can be interpreted as a nucleation delay in the
deposition process. Such a delay is not unexpected and found
in several CVD processes.

4. Conclusions

Our study demonstrated deposition of fully uniform amor-
phous boron carbide (B,C) thin films on carbon nanotubes
(CNTs) by a conformal CVD process. No clustering or clogging
at the pore sites are seen from STEM and SEM analysis. XPS,

Pore distribution

T T 11 T
nm o0 1000 1900 0 1000

Fig. 7

1T T 1T T 1
1900 0 1000 1900 0 1000 1900

Image processed SEM micrographs and pore segmentation map obtained for the (a) pristine CNT membrane, and (b)-(d) B,C deposited CNT

membrane with a film thickness of (b) 3 nm (c) 5 nm and (d) 8 nm. (a’)—(d’) shows respective pore segmentation map showing that porosity changed

from 0.70 to 0.52. See ESIf for details on the image processing.
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Raman spectroscopy and Electron diffraction measurement
collectively show that the deposition of B,C films does not
cause any structural modification to the CNT lattice, and it
remains intact. The observed near-surface lattice matched
interface and the amorphous growth towards the exterior
prevent the introduction of residual stress during the film
deposition. Image processing techniques affirmed the compat-
ibility of the deposition process with the ability to precisely
control the thickness, highlighting the tunability of pore sizes
in the B,C deposition process. This conformal deposition
process of B,C on CNTs within a membrane structure provides
new possibilities to modify the properties of CNT membranes.
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