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This study investigates the effect of boron (B) doping on the electrical and thermal conductivity properties of single-walled carbon
nanotubes (DWNTs) at various temperatures (300 K to 1500 K). The incorporation of boron atoms into DWNTs (5,5)@(10,10) was
analyzed to explore how different doping levels (p%) influence the partial charge distribution and thermal conductivity. Our findings
show that boron doping increases the partial charge within the nanotube structure, with a nonlinear increase in charge as the doping
concentration rises from 0% to 10%. This is due to the lower electronegativity of boron, which introduces hole carriers and enhances
p-type semiconductor behavior. However, at higher doping concentrations (above 5%), defects disrupt the m-electron network,
reducing electrical conductivity. Thermal conductivity experiments indicate that the presence of boron leads to a decrease in heat
transfer efficiency, especially at higher doping levels (>6%), where defect-induced phonon scattering significantly reduces the
thermal conductivity. The results demonstrate that boron doping has a complex impact on the structural, electronic, and thermal
properties of DWNTs, with temperature and doping concentration playing critical roles in determining performance.
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1. INTRODUCTION

Carbon nanotubes (CNTs), a type of carbon-based nanostructure, continue to garner substantial research interest,
with the body of literature on the topic growing at an exponential rate [1,2]. The carbon nanotubes (CNT) are tubular-
shaped one-dimensional sp>-hybridized carbon atoms arranged on honeycomb lattices. Since the rediscovery of CNTs
by lijima [3], it is one of the most explored nanomaterials. CNTs are classified as single-, double-, or multi-walled
structures, exhibiting either semiconductor (S) or metallic (M) behavior based on their chiral indices. Approximately
60% of all nanotube chiralities are semiconductors, while the remaining 40% are metals [4]. Various types of nanotubes
include Carbon Nanotubes (CNTSs) [5], Boron Nitride Nanotubes (BNNTSs) [6], Silicon Nanotubes (SiNTs) [7], and
Hybrid Nanotubes (such as B-CNT and N-CNT, which integrate materials like carbon and boron nitride for
multifunctional properties) [8]. These nanotubes, celebrated for their unique properties, have a wide range of
applications in microelectronics [8], energy storage [9], sensors [10], and drug delivery [11]. They garner interest across
various fields, including physics, chemistry, and materials science [12], showcasing their potential in electronic
devices [13], sensors [14], adsorbents [9,15], and numerous other applications.

Various approaches, including functionalization, enable the customization of CNT properties [16].
Functionalization, accomplished through substitution reactions with comparable heteroatoms or functional groups,
modifies CNTs’ solubility, chemical reactivity, and various other physicochemical characteristics [17]. Notably,
functionalization aids in the isolation of nanotube bundles. Consequently, studies have extensively explored CNT
interactions with atoms and molecules like boron (B) [18], nitrogen (N) [19], calcium (Ca) [20], palladium (Pd) [21],
fluorine (F) [22], bromine [23], and platinum (Pt) [24].

In recent years, boron-doped carbon nanotubes (B-CNTs) have garnered increasing interest due to their
exceptional properties and wide-ranging applications [25]. Boron doping introduces alterations to the electronic
structure of carbon nanotubes, enhancing their conductivity, catalytic activity, and chemical reactivity [26]. These
unique characteristics make B-CNTs highly suitable for applications in energy storage [9], sensing, catalysis and
nanotechnology [27]. B-doping of pristine CNTs offers the possibility to transform semiconducting tubes into metallic
tubes by lowering the Fermi level into a valance band [28]. It also alters the crystallinity and stiffness of CNTs [29].
Furthermore, the incorporation of boron atoms modifies the band gap of carbon nanotubes, offering tailored properties
for specific functional requirements. Therefore, boron (B) remain the preferred elements for substitution reactions [30].

Boron serves as a p-type dopant, enhancing nanotube growth by increasing oxidation resistance [31]. The similar
atomic sizes of boron and carbon enable their seamless incorporation into the graphite network. Methods used to
produce B-CNTs include carbon arc, laser ablation [32], substitution reactions [33], and chemical vapor deposition
(CVD) [34]. For instance, Han et al. [35] successfully synthesized B-CNTs via substitution reactions (with a B/C ratio
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of 4.17), while Chen et al. [36] utilized microwave plasma CVD with trimethyl borate as a doping source. Additionally,
Wang et al. [37] fabricated B-CNTs using electron cyclotron resonance chemical vapor deposition (ECR-CVD) on
porous silicon substrates. Despite these advancements, precise control over the boron content in CNT structures remains
challenging. Boron not only supports nanotube growth [38] but also enhances oxidation resistance [39], making it
valuable for adjusting nanotube morphology and properties. The comparable atomic sizes of boron and carbon facilitate
their integration into the graphite network. Therefore, B appears to have additional properties in terms of controlling the
morphology and properties of nanotubes. CNTs are grown from boron or its compounds using various techniques (e.g.,
CVD, ALD) [40] and their various properties (i.e., mechanical, optical, electrical) are being studied.

In this study, we investigated molecular dynamics (MD) methods to calculate the electronic and thermal properties
of boron-doped double carbon nanotubes (B-DWNT).

2. COMPUTATIONAL DETAILS

We investigate the process of boron (B) doped onto DWNTs (B-DWNTSs) through reactive MD simulations
employing the LAMMPS package [41]. The ReaxFF potential describes interatomic interactions, accounting for bond
breaking and formation [42]. The most commonly used chiral DWNTs in other research studies (5,5)@(10,10) were
selected as model system [43,44]. Our model includes pristine metal (5,5)@(10,10) nanotubes, denoted as B-
DWNT(5,5)@(10,10) in MD simulations (Fig.1). Selected nanotubes diameters 13.64 A-13.57 A for (5,5)@(10,10) fall
within experimentally observed ranges (13-16 A)[45,46]. We apply periodic boundary conditions along the z-axis,
allowing simulation of infinitely long B-DWNTs with lengths of 28.12 A for B-DWNT(5,5)@(10,10) respectively. The
(5,5)@(10,10) chiral DWNTs consist of 600 C atoms, respectively, with a B content of 0 to 10% (Fig.1).

Figure 1. Top and side views of the B-DWNT(5,5)@(10,10) model system. Carbon (C) and Boron (B) atoms are shown in gray
and coral, respectively

Initially, we minimize the energy of all model systems using the conjugate gradient method. Subsequently, we
equilibrate system temperature and pressure to desired values (300 K, 600 K, 900 K, 1200, 1500 K and 0 Pa) in the NpT
ensemble employing a Berendsen thermostat and barostat [47]. Our chosen heating rate (1 K/ps) aligns with previously
reported values (0.1-10.0 K/ps) [48] ensuring insignificant deviations in thermodynamic equilibrium during
temperature changes. For chemisorption of B atoms on DWNTSs, we maintain system temperature at 300-1500 K for
100 ps using a Bussi thermostat [49]. Modeling was performed in the NVE ensemble to determine the heat transfer
coefficient in the systems. Since the DWNTs were considered to be infinite in the modeling based on the periodicity
conditions, the heat transfer was evaluated not by the number of B atoms, but by the content (%) of B atoms.

Initially, the electrical conductivity (partial charge) of the doped B atoms is calculated according to their amount
(p, %) and temperature (300-1500 K). We estimate the amount (%) of doped B atoms on the surfaces of pure DWNTs at
different temperatures (300 K, 600 K, 900 K, 1200 and 1500 K) as follows:

_ number of atoms doped (Ng)
p total atoms in a pristine DWNT (N¢)

*100%, (1)

where, N- number of doping boron (B) and N¢- number of carbon atoms.
In addition, the thermal conductivity coefficient was determined using the Green-Kubo formula [50]:

JoU©-jae, (1)

where V is the system volume, kz Boltzmann constant, T temperature, The angle brackets (——) represent the average
value of the heat flux autocorrelation function J(?) over all atoms. The heat flux J(#) is determined by the following
formula:

_ 1
3VkgT?

J(@) = %z:ji\;l Iary (Fy-v), 3)

where 7;;and Fj; represent the distance and force between atoms i and j, and v; represents the velocity of atom i.
In all cases MD time step is 0.1 fs. The simulations are conducted 10 times for each study case, and the results are
obtained by averaging the corresponding physical quantities
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RESULTS AND DISCUSSION
Electrical conductivity (partial charge)

When carbon nanotubes (CNTs) are grown with boron (B) at different temperatures, several factors come into play
that can affect their structure, properties, and performance. From current literature, boron incorporation into carbon
materials requires a high carbonization temperature of about 600-1100 °C (873-1373 K) [51]. The effect of boron on
CNTs at low temperatures results in a high density of defects, leading to decreased electrical and thermal properties.
Conversely, the addition of boron at high temperatures enhances thermal stability and improves electrical and
mechanical properties [52].
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Figure 2. (a) B atoms doping onto DWNT(5,5)@(10,10) are introduced, and system atoms exhibit partial charges from -0.8e to
+0.8e, which range from red to blue is depicted by the color spectrum, which shows the transition from electron-rich regions to
electron-poor regions, respectively, (b) The alteration in the partial charge of adsorbed B atoms in relation to temperature

Therefore, this study investigated the effect of B-DWNTs at selected temperatures of 300 K, 600K, and 900 K,
1200 K, 1500 K. The results indicate variations in the doping of B atoms on the surfaces of DWNT(5,5)@(10,10) at
different temperatures (i.e., 300 K, 600 K, 900 K, 1200 K, 1500 K). Various factors influence the chemisorption of B
atoms on DWNTs, including the nanotube surface curvature and the arrangement of carbon rings [53,54]. The doped
coverage varies with temperature, and depending on their position within the hexagonal cell of the CNT, B atoms may
detach from the surface due to temperature effects [55,56]. B atoms doping on the surface of DWNTs are affected by
the arrival of other B atoms on the surface. This can result in the formation of molecules through the Langmuir-
Hinshelwood recombination mechanism, where two B atoms on the surface covalently bond to form a B molecule. The
temperature range (300-1500 K) employed in this study alters the quantity of B atoms doped on the surface [57,58].

Atoms in the system are color-coded to represent positive charges in blue and negative charges in red, while
uncharged atoms are depicted in white (Fig. 2a). In this study, the charge distribution in the system changes with
temperatures corresponding to p % of B atoms added in DWNT. In particular, the change in the partial charge in the
system with an increase in p % in the temperature range from 300 K to 1500 K is shown in Figure 2b. It can be seen
from the results that the partial charge in the system also increases nonlinearly with an increase in p %. One of the
reasons for the non-linear increase may be related to the gravitational force used to calculate the interactions between
the partial atoms [43]. The difference in electronegativity results in a variation in partial charges of carbon nanotube
(CNT) and B atoms. Specifically, with increasing p % (i.e., from 300 K to 1500 K), the partial charging in DWNT
increases due to the lower electronegativity of B (2.04) compared to carbon (2.55), causing it to lose electrons and
generate a positive partial charge. That is, as the doping concentration (p %) increases, the number of boron atoms
increases, leading to more changes in the electron distribution within the DWNT structure. This enhances the
interaction with neighboring carbon atoms and other boron atoms, resulting in an increase in partial charge. The partial
charge of B atoms in B-DWNT(5,5@10,10) increased from approximately 1%) to approximately 5.833e (10%) in the
doped state (at temperatures between 300 and 1500 K) for 300 K, while in the case B-DWNT(5,5@10,10) nanotubes,
the values increased from ~0.041e (1%) to ~5.868¢e (10%), respectively, at a temperature of 600K. At 900K, the values
increased from ~0.065¢ (1%) to ~6.096e (10%). At 1200K, the increase was from ~0.065¢ (1%) to ~5.096e (10%).
Finally, at 1500K, the change was from ~0.0674¢ (1%) to ~5.233e (10%) (Table 1).

Table 1. Partial charge variation with boron (B) atom doping at different temperatures for B-DWNT(5,5@10,10)

Boron doping (%) | Partial charge, e
(5,5@10,10)
300 K 600 K 900 K 1200 K 1500 K
1 0.032 0.041 0.053 0.065 0.074
2.457 2.484 2.572 2.646 2.728
10 4.830 4.867 4.996 5.096 5.233
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This indicates that an increase in the concentration of B leads to an increase in positive partial charges of the
DWNT. This validates the outcomes achieved in earlier investigations [40]. B-DWNTs (DWNT(5,5)@(10,10) doped
with B atoms and subjected to different temperatures, then the changes in their partial charges (e) are compared
(Supplementary information).

The results indicate that at low boron doping (<1%), the increase in partial charge is not very significant (Fig. 2b).
This is because low boron atoms create defects in the carbon lattice, which limits the free movement of n-electrons. As
a result, electrical conductivity decreases due to increased scattering of charge carriers. As the doping of B atoms
increases (1-5%), a slight increase in the partial charge in the B-DWNT system was observed (at 300-900 K). Since
boron has a lower electronegativity than carbon, it introduces hole carriers into the structure, enhancing the p-type
semiconductor properties of the B-DWNT. Under these conditions, electrical conductivity can increase. At high boron
doping (>5%), a sharp decrease in the partial charge was observed. At very high boron concentrations (>8%), the -
electron network of the carbon nanotube is disrupted, and the excess defects lead to scattering of charge carriers. In this
study, the average lengths of C-C and B-C bonds were found to be 1.426 and 1.514 A, respectively, thus supporting the
conclusion mentioned earlier [26].

Generally, the low electronegativity of boron introduces hole carriers, resulting in positive partial charges and p-
type behavior in DWNTs.

Variation in thermal conductivity (k)
Figure 3 shows the thermal conductivity coefficient for (5,5@10,10) doped with different amounts (p%) of boron
(B) as a function of temperature (300-1500 K).
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Figure 3. The variation of the thermal conductivity coefficient with doping amount and temperature

When analyzing the thermal conductivity (k) as a function of B doping concentration in B-DWNTs, at 300 K, &£
decreased noticeably by a factor of 1.012 at 1% (1%) B doping compared to the undoped case. At 600 K, the reduction
was even greater, with k decreasing by a factor of 1.013. At higher temperatures 900 K, 1200 K, and 1500 K the
thermal conductivity dropped by factors of 1.028, 1.058, and 1.124, respectively (Table 2). As the doping concentration
p% of B atoms increases, thermal conductivity & also varies with temperature (see Supplementary Information).

Table 2. Thermal conductivity variation with boron (B) atom doping at different temperatures for B-DWNT(5,5@10,10)

Boro;l(yf)l;) ping Thermal conductivity coefficient (W/m-K)
5,5@10,10
300 K 600 K 900 K 1200 K 1500 K
0 3564 2115 1313 1140 916
1 3512 2087 1277 1077 815
3 3321 1995 1165 936 593
5 3173 1533 764 613 379
8 2734 982 425 197 103
10 2479 668 245 78 61

Specifically, for B-DWNT(5.5@10.10), at temperatures of 300 K and 900 K, the thermal conductivity k at 1%
doping is 3512 W/meK and 1277 W/meK, respectively. Likewise, at 1200 K and 1500 K, the difference increases, with
k being 1.14 times and 1.30 times greater, respectively.

Overall, as the concentration of doped B atoms increases, the thermal conductivity of the two nanotubes begins to
diverge. This behavior is primarily due to the weak phonon-electron interaction of boron. At 300 K, an initial increase
in boron concentration (p%) in the DWNT structure results in a slight rise in thermal conductivity (by more than 3%),
followed by a gradual decline (exceeding 4%). When B doping reaches 4-5%, the thermal conductivity drops
significantly.
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One contributing factor is the increased presence of structural defects, which sharply enhances phonon scattering-
phonons being the primary heat carriers in carbon nanotubes. As the B doping concentration (p%) rises, so does the
number of defects, leading to greater phonon scattering and reduced heat transfer.

When B doping falls within the 6%-10% range, structural disorder becomes more pronounced, resulting in a
significant drop in thermal conductivity. At 10% boron doping, particularly in B-DWNT(5.5@10.10), thermal
conductivity nearly reaches its minimum due to maximum phonon scattering and a sharp decline in transport efficiency.
Notably, across nearly all temperature ranges (300-1500 K), the decline in thermal conductivity typically begins around
7%—8% doping.

Overall, at moderate temperatures (300400 K), increased phonon interactions amplify the influence of boron
doping on thermal conductivity, resulting in a slight decrease in thermal conductivity as boron content rises. For
instance, B-DWNTs doped with 1% boron exhibit higher thermal conductivity compared to those with 2% or 3%
doping. At elevated temperatures (T > 500 K), phonon-phonon scattering becomes the dominant mechanism, leading to
a reduction in thermal conductivity regardless of the doping level. However, in heavily doped B-DWNTs (>6%),
thermal conductivity is significantly lower due to the inability of lattice vibrations to propagate effectively amid
excessive structural defects. As a result, the system's thermal conductivity varies with changes in external temperature.
Boron doping creates defects and disrupts the phonon transport network in DWNTs, leading to increased phonon
scattering and a reduction in thermal conductivity, particularly at high doping concentrations.

CONCLUSION

The results demonstrate that the intentional introduction of boron atoms into DWNTs leads to changes in both
electrical and thermal conductivity, specifically an increase in electrical conductivity (partial charge) and a decrease in
thermal conductivity (k). The average partial charge (e) in the B-DWNT system increased from 0.032e to 4.830e at 300
K for B-DWNT(5.5@10.10) as the B content (p%) rose. Between 600 K and 1500 K, the increase in p% was 2.31 and
2.56 times greater (at 1% and the 1500 K/300 K ratio), respectively, while the increase in partial charge was 1.11 and
1.15 times greater (at 7% and the 1500 K/300 K ratio). At the maximum B doping level (10%), the partial charge
increased by 1.08 and 1.09 times, respectively. Therefore, the increase in partial charge with rising p% in B-DWNTSs
can be attributed to a combination of electronic distribution, thermal effects, structural changes, and ionic effects.

At room temperature (300 K), the thermal conductivity of 1% doped B-DWNTs is approximately 3564 W/mK for
(5.5@10.10) and 3651 W/mK. As the boron content (p%) increases, the thermal conductivity of (5.5@10.10) chiral B-
DWNTs decreases more than that of. Specifically, when 7% boron is added to (5.5@10.10) chiral B-DWNTs and
6.75% boron is, their thermal conductivity decreases by 1.26 times, respectively, compared to the 0% case. These
results demonstrate the potential for modifying the electrical and thermal conductivity of DWNTs through boron
doping, enhancing their suitability for use in thermal interface materials (TIMs).
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APPENDIX
Supplementary information

Table 1. Partial charge variation with boron (B) atom doping at different temperatures for B-DWNT(5.5@10.10)

. Partial charge Partial charge Partial charge Partial charge Partial charge
0,

Boron doping (%) 300 K 600 K 900 K 1200 K 1500 K
0% 0.00 0.00 0.00 0.00 0.00
1% ~0.032 ~0.041 ~0.053 ~0.065 ~0.074
2% ~0.072 ~0.088 ~0.108 ~0.128 ~0.168
3% ~1.025 ~1.102 ~1.172 ~1.207 ~1.236
4% ~1.188 ~1.212 ~1.258 ~1.298 ~1.327
5% ~1.963 ~1.984 ~1.997 ~1.901 ~1.478
6% ~2.351 ~2.382 ~2.456 ~2.516 ~2.597
7% ~2.457 ~2.484 ~2.572 ~2.646 ~2.728
8% ~3.563 ~3.602 ~3.711 ~3.782 ~3.891
9% ~4.690 ~4.727 ~4.843 ~4.933 ~4.904
10% ~4.830 ~4.867 ~4.996 ~5.096 ~5.233
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Table 2. Thermal conductivity variation with boron (B) atom doping at different temperatures for B-DWNT(5.5@10.10)

Boron Doping (%) Thermal conductivity coefficient (W/m-K)
300 K 600 K 900 K 1200 K 1500 K

0% 3564 2115 1313 1140 916
1% 3512 2087 1277 1077 815
2% 3442 2052 1214 1064 783
3% 3321 1995 1165 936 593
4% 3257 1737 1012 751 464
5% 3173 1533 764 613 379
6% 2956 1395 702 478 278
7% 2818 1067 590 346 186
8% 2734 982 425 197 103
9% 2577 765 282 94 73

10% 2479 668 245 78 61

MPOBIJHICTDB Y IBOCTIHHUX BYTVIEHEBUX HAHOTPYBKAX
Ilaxno3axon Myminoea?®, AGpop Yiaykmypanos®, Xamin Icaes®, Jlingopa Mamacepa®, YTkip Yiabmkaes®?
@Jlenaycvxuil incmumym nionpuemuuymea ma neoazoeixu, M. enay, 360, Cypxanoap'incoeka oonacmo, 190507, Y36exucman
dTawkenmevkuil iHcmumym mexcmuivHoi ma aeekoi npomucnogocmi, Tawkenm, 100100, Y3bexucman

Y [pOMy JOCHIIKCHHI BHBYAETHCSA BIUIMB JieTyBaHHS OopoMm (B) Ha enekTpo- Ta TEIUIONPOBiAHI BIACTHBOCTI OTHOCTIHHUX
ByrieneBux HaHOTPyOok (DWNT) 3a pizaux temmeparyp (Bix 300 K mo 1500 K). Byio npoananizoBaHo BKIIIOUSHHS aTOMIB 60py B
DWNT (5,5)@(10,10), mo6 mocmiguty, sSK pi3HI piBHI JeryBaHHsA (p%) BIUIMBAIOTH HA pO3IOJUI YacCTKOBOTO 3apsmy Ta
TEIUIONPOBIIHICTh. Harni pe3ynbTaTé MOKa3yroTh, IO JIETYBaHHS OOpOM 301UIbIIYE YaCTKOBHM 3apsii Y CTPYKTYypi HaHOTPYOKH, 3
HENiHIHHAM 301JbLICHHAM 3apsity 31 30UnblIeHHsAM KoHueHtpauii jeryBanHs Bin 0% no 10%. lle moB'si3aHo 3 HIKYOIO
€JIEKTPOHETaTHBHICTIO OOpy, SIKMH BBOIUTH HOCIIB IIPOK Ta MOCWIIOE IMOBEOIHKY HAMiBIPOBiAHMKA p-TUmy. OIHAK, MPU BUIIHX
KOHIIGHTpaLisX JeryBaHHsa (Buile 5%), AedeKTH NOpYIIYIOTh T-CIEKTPOHHY MEpPEeKy, 3MEHILYIOUH eJIEeKTPOIPOBIAHICTD.
ExcnepuMeHTH 3 TEIIONpPOBITHOCTI MOKA3ylOTh, IO MPUCYTHICTH OOpY MPU3BOAUTH O 3HIKCHHS €(EKTHBHOCTI TeIUionepenadi,
0COONIMBO TPH BHINUX pIBHAX JeryBaHHS (>6%), nme iHAykoBaHe pmedeKTaMH pO3CiIOBaHHS (DOHOHIB 3HAYHO 3HUKYE
TEIIONPOBiIHICTE. Pe3ynbTaTi IeMOHCTPYIOTH, IO JIETYBaHHS OOPOM Mae CKJIaJHUH BILIMB Ha CTPYKTYPHI, €JICKTPOHHI Ta TEIIOBI
BractuBocTi DWNT, mnpudomy TemmnepaTypa Ta KOHIEHTpAIlis JIETYBaHHS BiAirpaloTh BHPINIATEHY pOJIb y BH3HAYCHHI
XapaKTePHCTHK.

KurouoBi cioBa: osocminna eyeneyesa nanompyoxa; ae2ysanus GOpoM, peaKxmusHa MONeKyIsApHa OUHAMIKa



