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Hlupoko napamempu3z08aHHbLIL CAMOCO2NIACOBAHHBII KEAHMOG0-XUMUUCCKUN MEmOo0
GFN2-XTB 6bL1 ucnonvzosan o1 uccnedosanus enusanus necuposanus memaniamu Co, Ni u Cu
Ha cmpyKmypHble U 3J1eKIpPOHHbLE CEOLICIEA 00HOCN0IIHBIX Y2iepoOnbix Hanompyook (CNT). Pe-
3YIbMamsl 6bIYUCTICHUIL IHEPLUU 63AUMOOCICMEUS, NOPAOKA C6A3¢€il U 3apA008 amomoe no Myn-
JIUKEHY NOKA3AU, YMo 1e2ZUPOGAHHbIE MEMATIIbL 00PA3YIOM XUMUYECKUE C8A3U C HOGEPXHOCHbIO
CNT uepe3 memanno-yenepoonvie ceéaszu. boiio ommeueno 3snauumenvnoe nepenecenue 3apaoa
om amomoe memanna k CNT, ocobenno 6 ciyuae CU/ICNT. Ananus 3nauenuii s3nepeuu uonusayuu
(IP), cpoocmea k rnekmpony (EA) u znobanvnozo unoexca snexkmpogpunvnocmu (GEI) noxaszan,
umo npucymcmeue memannog yeenuuueaem snauenusn |P, EA u GEI no cpasnenutro ¢ uucmoimu
CNT. Omu usmenenusn ceudemenvbcmeyiom o0 nOGbIUIEHUU PEAKUUOHHOU CROCOOHOCMU U cma-
ounvnocmu nezuposannvix nanompyoox. Kucnomuocmo Jlviouca ucciedyemvix cucmem yeenu-
yueaemcs ¢ cneoyrouem nopsaoke: Ni/CNT < Co/CNT < Cu/CNT. Botuucnenus niomuocmu, é36e-
WLEHHOTL N0 OPOOHOMY HUCTY 3ANOJHEHUSsl, ROKA3AIU, YO 8 CUCHEMAX C 1eZUPOCAHHBIMU MEM al-
aamu CNT naomuocme 2opauux u xumuuecku aKmugHbIX IJ1EKMPOHOE NPEUMYULECHBEHHO CO-
cpedomouena Ha Amomax memasiia. AHanU3bl MONEKYIAPHBIX OPOUmMaAneil nPOOEMOHCIMPUPOBATIU
ex1ad amomos memania 6 HOMO u LUMO, umo cywecmeenno enusem na 3neKkmpoHHbie c80li-
cmea nanompyoox. Kpome mozo, uenmpanwvnoe paccmosnue (Dij) mexcoy HOMO u LUMO cu-
cmem MICNT (M = Co, Ni, Cu) 3as6ucum om nezuposanus memannamu. Cpedu ucciedosanHnvix
cucmem, CO/ICNT umeem naumenvwiuii snepzemuuecxkuit 3azop mexcoy LUMO u HOMO u
Haubonvuee 3nauenue Dij, umo yxazvieaem na ezo npuzo0Hocms 011 (HomokamanumuuecKux
npunodicenuil. Imu pe3yiomamol MOZynt Oblmb ROIE3HbL 0711 PA3PAOOMKU HOBLIX MAMEPUATI08 HA
OCHOBe Y271ePOOHBIX HAHOMPYOOK C YIYHUEHHbIMU C6OUCMEAMU 0J18 PAZTUYHBIX NPAKMUYECKUX
npumeneHuil.
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The broadly parametrized self-consistent tight-binding quantum chemical method — GFN2-
XTB was employed to investigate the impact of Co, Ni, and Cu metal doping on the structural and
electronic properties of single-walled carbon nanotube (CNT). Computational results for interac-
tion energy, bond order, and Mulliken atomic charge indicated that the doped metals form chemical
bonds with the CNT surface through metal-carbon bond formation. Significant charge transfer
from the metal atoms to the CNT was observed, most notably in the case of Cu/CNT. Analysis of
ionization energy (IP), electron affinity (EA), and global electrophilicity index (GEI) values re-
vealed that the presence of metals increases IP, EA, and GEI values compared to the pristine CNT.
The Lewis acidity of the studied systems increases in the order of Ni/CNT < Co/CNT < Cu/CNT.
Calculations of the fractional occupation number weighted density (FOD) indicated that in the
metal-doped CNT systems, the density of hot and chemically active electrons is predominantly con-
centrated on the metal atoms. Molecular orbital analyses demonstrated the contribution of metal
atoms to the HOMO and LUMO of the system. Additionally, the centroid distance (Dij) between the
HOMO and LUMO of the M/CNT (M = Co, Ni, Cu) is influenced by metal doping. Among the
studied systems, Co/CNT exhibits the lowest energy gap between the LUMO and HOMO and the

highest Dij value, suggesting its suitability for photocatalytic applications.

Keywords: CNT, metal doped CNTs, GFN2-XTB, electronic properties

INTRODUCTION

Carbon nanotubes (CNTSs) are renowned for
their exceptional mechanical, electrical, and thermal
properties, making them suitable for various applica-
tions, including electronics, energy storage, sensors,
and environmental remediation [1-3]. However, chal-
lenges such as aggregation, difficulty in achieving uni-
form dispersion, and limited control over their elec-
tronic properties hinder their performance [4-6]. Metal
doping presents a promising solution by enhancing
these properties and mitigating the disadvantages of
CNTs. Specifically, doping with transition metals in-
creases active sites and improves chemical affinity,
significantly enhancing the adsorption capacities for
pollutants and improving the conductivity of single-
walled carbon nanotube (SWCNT) networks [7-14].

Understanding the fundamental impact of
metal doping on the structure and properties of CNTs
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is crucial. This knowledge will significantly enhance
our ability to clarify and explain the various behaviours
of these materials in a wide range of applications, in-
cluding catalysis, sensors, and beyond. Several theo-
retical studies on metal-doped CNTs have shown that
doping metals onto the surface of SWCNTSs is energet-
ically favourable and results in charge transfer from the
metal atoms to the CNTs [15-17]. For example, re-
search by Chen et al. on the structure of transition
metal-doped (5,5) CNT systems (TM/CNT) reveals
that TM-doped SWCNTSs are predominantly metallic
or narrow-gap semiconductors. As the transition metal
dopant shifts from Sc to Zn within the same period of
the periodic table, or from the top to the bottom within
the same platinum group, the energy of the highest oc-
cupied crystal orbital in the TM-doped SWCNTSs de-
creases, signifying a diminished electron-donating ca-
pability [15]. Moreover, transition metals can have var-
ying impacts on the electronic properties of SWCNTSs.
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For instance, doping metallic isolated (3,3) SWCNTSs
with Mn, Fe, or Co transforms them into semi-metals,
whereas doping with Ni results in semiconductor be-
haviour [18]. These modifications consequently im-
pact the activities of CNTs. Specifically, transition
metal doping has been shown to significantly enhance
the H. storage potential of SWCNTSs compared to other
metals, as evidenced by optical spectra analysis [19].
Additionally, this doping method improves the ad-
sorption capacity for other gases, such as NO; and
CO [20, 21].

Although numerous experimental and theoret-
ical studies on metal-doped single-walled carbon nano-
tube (M/CNT) systems exist, the effects of metals have
primarily been analysed in terms of interaction energy
and charge transfer. However, the nature of the bond-
ing between metal atoms and the CNT surface, as well
as the influence of metals on other electronic proper-
ties, has received less attention. In this study, we pro-
vide valuable insights into the nature of the interactions
between metals and the CNT surface and analyse their
effects on specific electronic parameters, which are
crucial for evaluating the activities of M/CNT systems.

MODELS AND COMPUTATIONAL METHODS

Models

The pristine carbon nanotube model was con-
structed similarly to our previously published studies
[9]. This model features an armchair structure, formed
by rolling a graphene sheet into an open-ended cylin-
der comprising 240 carbon atoms arranged in hexago-
nal rings. The terminal carbon atoms at both ends of
the CNT are hydrogen-saturated. The M/CNT struc-
tures (where M = Co, Ni, Cu) were developed by posi-
tioning metal atoms atop the hexagonal carbon rings of
the CNT. The formation of M/CNT systems from M
and CNT can be represented by the following equation:
M + CNT — M/CNT. This process is characterized by
the interaction energy, Eix, which is determined using
the following formula:

Eint = Eqwienty — Eovy — Eenm

where, Emient), Emm), Eenmy are the energies of the
M/CNT, M, and CNT structures, respectively. The na-
ture of the interaction between the metal atoms and the
CNT is elucidated by analyzing structural parameters
such as the shortest distance from M to the CNT sur-
face (dmin), the total Mayer bond order (BO) formed
between M atom and the carbon atoms on the surface,
and the Mulliken atomic charge on the atoms (q).

Computational Details

All optimization calculations were performed
using the GFN2-xTB method, a highly accurate and
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extensively parameterized self-consistent tight-bind-
ing quantum chemical approach [22, 23]. The energy
derived from the GFN2-xTB method comprises multi-
ple components: repulsive energy between atomic
pairs, extended Huckel-type energy, isotropic electro-
static and exchange-correlation energy, anisotropic
electrostatic energy, and the chemical potential of elec-
trons. Furthermore, the method incorporates the D4
London dispersion model, which is dependent on
atomic partial charges [24]. The GFN2-xTB method,
with parameters optimized for 86 elements of the peri-
odic table, has demonstrated greater efficiency com-
pared to other computational methods, especially for
large systems. In this study, calculations were per-
formed at an electron temperature of 300K, with en-
ergy convergence criteria set at 0.1-10° Hartree, and
wavefunction convergence at 0.1-:10% e.

To assess the impact of metal doping on the
structural and electronic properties of CNT, we calcu-
lated several key parameters: vertical ionization energy
(IP), vertical electron affinity (EA), global electro-
philicity index (GEI), and fractional occupation num-
ber weighted density (FOD). Additionally, molecular
orbital analyses were performed to determine the en-
ergy gap between the HOMO and LUMO (E), the cen-
troid distance between the HOMO and LUMO (Dj),
and the contribution ratio of the metal atom M to the
HOMO and LUMO (denoted as C;(HOMO) and
Cij(LUMO), respectively). The GFN2-xTB method
was implemented in the open-source xTB code
[https://xtb-docs.readthedocs.io/en/latest/].

RESULTS AND DISCUSSIONS

Structural properties of M/CNT (M = Co,
Ni, Cu)

The optimized structures of M/CNT along
with the parameters characterizing the formation of
M/CNT are presented in Fig. 1 and Table 1.

The formation of M/CNT systems (M = Co,
Ni, and Cu) is energetically favorable, as evidenced by
the negative values of interaction energy. Among these,
the energy released during the formation of Ni/CNT and
CU/CNT systems is notably similar, indicating compa-
rable stabilization upon doping with these metals.

A detailed analysis of the minimal distance
from the metal atoms to the CNT surface reveals that
these distances are slightly larger than the sum of the
covalent radii of the metal atoms (Co = 1.26 A, Ni =
=1.24 A, Cu=1.32 A) and the covalent radius of Csp?
(0.73 A) [25]. This suggests that the metal atoms are
not merely physisorbed but also have the potential to
form covalent bonds with the carbon atoms on the CNT
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surface. The significant bond order values further cor-
roborate the presence of these covalent bonds. Addi-
tionally, the formation of these covalent bonds results
in a partial charge transfer from the metal atoms to the
CNT. This charge transfer is most pronounced in the
Cu/CNT system, indicating a higher degree of interac-
tion between the copper atoms and the CNT surface.
Conversely, the least charge transfer is observed in the
Co/CNT system, suggesting relatively weaker interac-
tion compared to Ni and Cu. This differential charge
transfer can influence the electronic properties of the
CNT, potentially enhancing its applicability in various
electronic and catalytic applications.

Cu/CNT
Fig. 1. Optimized structures of M-CNT: Co/CNT (a); Ni/CNT (b);
CUu/CNT (c), colour codes: grey — C, ivory — H, dark blue — Co,
green — Ni, red — Cu
Puc. 1. Onrumusuposannbie crpykrypst M-CNT: Co/CNT (a);
Ni/CNT (b); Cu/CNT (c), ueroBast koaupoBka: cepsiii — C, kpe-
MoBbIi — H, Temuo-cunmii — Co, 3enensiii — Ni, kpacubiii — Cu

Table 1
Calculated results for M/CNT systems (M = Co, Ni, Cu)
Tabnuya 1. Pe3yabTaThl pacderon pias cucreM M/CNT

Electronic properties of M/ICNT (M = Co,
Ni, Cu)

The computational results at the same theoret-
ical level for pristine CNT show ionization potential
(IP), electron affinity (EA), and global electrophilicity in-
dex (GEI) values of 5.578 eV, 3.473 eV, and 4.866 eV,
respectively [12]. An analysis of the electronic param-
eters of the M/CNT systems (Table 2) reveals signifi-
cant enhancements in IP, EA and GEI due to the incor-
poration of Co, Ni, and Cu compared to the pristine
CNT. The IP values for Co/CNT and Ni/CNT systems
are quite similar and higher than those for Cu/CNT.
This similarity in ionization energy between Co/CNT
and Ni/CNT can be attributed to their position in Group
VIIIB of the periodic table, where they share similar
electron shell structures, differing mainly in the num-
ber of electrons in the 3d subshell. Conversely, Cu, a
Group IB element, has a distinctly different electron
configuration with only one electron in its outermost
shell, explaining relatively lower ionization energy of
Cu/CNT.

Table 2
Electronic parameters calculated for M/CNT (M = Co,
Ni, Cu) systems
Tabnuya 2. DjieKTPOHHBIE NapaMeTPhbl, pAcCCYNTAHHbIE
s cucreM M/CNT (M = Co, Ni, Cu)

System IP, eV EA, eV GEl, eV
Co/CNT 6.0140 4.1486 6.9206
Ni/CNT 6.0164 3.9580 6.0418
Cu/CNT 5.6015 3.9848 7.1054

(M =Co, Ni, Cu)
Eimy (k\] )
System mol) min, A BO q(M), e
Co/CNT -220.7 2.126 1.492 +0.241
Ni/CNT -256.6 2.176 1.613 +0.415
Cu/CNT -257.0 2.148 0.947 +0.493
76

Furthermore, the doping of metal atoms nota-
bly increases the GEI values relative to the original
CNT. The GEI serves as an indicator of the Lewis acid-
ity of the material's surface [26]. Lewis acid sites are
crucial in various chemical processes, including photo-
chemical reactions and the adsorption of organic com-
pounds [27]. The ascending order of GEI values:
Ni/CNT < Co/CNT < Cu/CNT, suggests that Cu-doped
CNTs exhibit the highest Lewis acidity, followed by
Co-doped and Ni-doped CNTs. The enhanced Lewis
acidity in metal-doped CNTs can facilitate more effi-
cient electron transfer, enhancing the catalytic activity.

Fig. 2 presents the fractional occupation den-
sity maps for the M/CNT systems. The FOD analysis
is a valuable theoretical method for examining com-
plex electronic structures. Its main benefit is its ability
to quickly and accurately identify where "hot" elec-
trons — those that are strongly correlated and highly re-
active — are located within a molecule [28].

In the M/CNT systems, the "hot" electrons are
predominantly situated on the metal atoms. The den-
sity of active electrons on Co and Ni is significantly
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higher than on Cu. This could be attributed to the ac-
tivity of the 3d subshell electrons in Co and Ni com-
pared to the saturated 3d subshell electrons in Cu.
Nonetheless, the concentration of these active elec-
trons on the metal atoms is notable, as it suggests that
the metal atoms are likely to serve as the primary active
centers in chemical reactions taking place on the sur-
face of the M/CNT. The presence of these active cen-
ters is crucial for catalysis and other surface-related
chemical processes, as they can enhance the reactivity
and selectivity of the CNTs in various applications.

Fig. 2. FOD maps of M/CNT (M = Co, Ni, Cu) depicted at an
isovalue of 0.001 e A3
Puc. 2. Kaptet FOD gyt M/CNT (M = Co, Ni, Cu), nu3o0paxeH-
Hele mpu u3o3Hauernn 0.001 e A3

Molecular orbital analysis for M/CNT (M =
= Co, Ni, Cu)

The frontier molecular orbitals play a crucial
role in modulating chemical reactivity. Therefore, a
thorough investigation into their composition becomes
essential for understanding and predicting chemical in-
teractions. The depiction of the HOMO and LUMO of
the M/CNT systems, as illustrated in Fig. 3, highlights
the significant contribution of the d orbitals of the
metal atoms to these frontier molecular orbitals. An in-
depth analysis of the HOMO and LUMO characteris-
tics across the M/CNT configurations yields insightful
observations. In the case of the Co/CNT composite, the
HOMO demonstrates notable involvement from cobalt
atoms, accompanied by partial engagement from car-
bon constituents, whereas the LUMO predominantly
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localizes across the entire carbon nanotube (CNT)
structure. Conversely, in the contexts of Ni/CNT and
Cu/CNT, both the HOMO and LUMO are primarily
situated on the CNT, indicating a distinct electronic
distribution within these systems.

LUMO of Cu/CNT

Fig. 3. HOMO and LUMO of M/CNT systems (M = Co, Ni, Cu)
Puc. 3. HOMO u LUMO cucrem M/CNT (M = Co, Ni, Cu)

Table 3
HOMO-LUMO analysis for M/CNT (M = Co, Ni, Cu)
Tabauya 3. Anannz HOMO-LUMO aas cucreMm
M/CNT (M = Co, Ni, Cu)

System | Eg eV | Dj, A |Cij(HOMO),%|Cij(LUMO),%
Co/CNT | 0.3399 | 5.2650 84.19 36.03
Ni/CNT | 0.3937 | 0.2049 14.09 0.83
Cu/CNT | 0.4629 | 3.3596 0.56 1.84

Particularly, the contribution of copper's d
atomic orbitals to the HOMO and LUMO states is less
distinct compared to cobalt and nickel. This discrep-
ancy is underscored by the tabulated data in Table 3,
which shows the varying percentage contributions of
metal atoms to the HOMO and LUMO across the
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M/CNT structures. Indeed, Co contributes approxi-
mately 84% to the HOMO and 36% to the LUMO of
Co/CNT, whereas Cu contributes only 0.56% and
1.84%, respectively.

The energy gap between the HOMO and
LUMO of the systems follows the increasing order:
Co/CNT < Ni/CNT < Cu/CNT. Consequently, the ex-
citation of electrons from the HOMO to the LUMO in
Co/CNT occurs more readily than in Cu/CNT. This
ease of electron excitation may significantly contribute
to the enhanced catalytic efficiency of these materials
in photocatalytic applications.

To further investigate, we calculated the cen-
troid distance between the HOMO and LUMO (Dj) for
the studied systems using Multiwfn [29]. The Dj; value
is critical as it provides insights into electron transi-
tions when the system is excited. A larger Dj indicates
a greater potential for photoinduced electron separa-
tion. Based on the increasing Dj; values, the materials
are ordered as follows: Ni/CNT < Cu/CNT < Co/CNT.
This ordering suggests that Co/CNT is likely to exhibit
the highest electron separation and transfer capability,
followed by Cu/CNT and then Ni/CNT. The superior
performance of Co/CNT in these aspects can be at-
tributed to its smaller HOMO-LUMO gap and larger
Dj;, making it the most promising candidate for appli-
cations requiring efficient photocatalytic activity.

CONCLUSIONS

The GFN2-xTB method has been employed to
investigate the influence of doping metals (Co, Ni, and
Cu) on the structure and electronic properties of CNTs.
Computational results reveal that doping metals onto
the surface of CNTSs is advantageous energetically due
to the formation of covalent chemical bonds between
metal atoms and carbon atoms of CNTSs. Significant
charge transfer from metal atoms to the surface of
CNTs is observed, particularly in the case of Cu/CNT.
The presence of metals increases the values of IP, EA,
as well as the Lewis acidity of the material surface.
Computational results also indicate that chemically ac-
tive electrons in the M/CNT systems are predomi-
nantly localized on metal atoms. Analysis of molecular
orbital compositions reveals varying degrees of contri-
butions from metal atoms to the HOMO and LUMO
components, with Co contributing the most and Cu —
the least. Among the studied systems, Co/CNT exhibits
the smallest Ey and the highest centroid distance be-
tween HOMO and LUMO, indicating its potential for
excellent performance in photocatalytic applications.
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