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In this study, the thermal properties of multiwalled carbon nanotubes doped with 5 wt% gadolinium were analyzed. 
Thermogravimetric analysis/differential scanning calorimetry (TGA/DSC) and transmission electron microscopy 
were successfully employed for material characterization. Transformations in the TGA profiles of the synthesized 
carbon-based nanocomposite were investigated. The specific heat capacity value of that nanocomposite was attributed 
to the influence of Gd doping. For gadolinium-doped MWCNTs, a Cp value of 826.4 J/(kg·K) was observed at 630.4 K. 
These findings highlight the  potential of rare-earth-doped carbon nanomaterials for use in thermal interface 
materials and other heat management applications in advanced electronics and energy systems.
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1. Introduction

The development of next-generation materials and 
electronic devices is a  major focus of contempo-
rary research, with carbon nanomaterials doped 
with various metals receiving a  particular atten-
tion. Among these, multiwalled carbon nanotubes 
(MWCNTs) have attracted a significant interest ow-
ing to their remarkable physicochemical properties, 
unique structure and nanoscale dimensions. These 
features make MWCNTs promising candidates for 
applications in low-dimensional phonon physics 
and thermal management. Importantly, the struc-
tural characteristics of MWCNTs directly influence 
their thermal behaviour, particularly their specific 

heat capacity and thermal conductivity. Despite 
extensive studies, empirical approaches are still of-
ten employed to predict the thermal behaviour of 
MWCNTs as comprehensive thermodynamic data 
remain limited. This lack of reliable information 
is especially critical since specific heat capacity is 
a key thermodynamic parameter for evaluating in-
ternal energy, free energy and chemical reactivity 
in MWCNT-based systems [1].

Functionalization of carbon nanotube surfaces 
is also a challenging task but provides new oppor-
tunities for tailoring the properties of nanomateri-
als  [2]. In Ref.  [3], the  effect of functionalization 
on the  properties of nanocomposite sheets made 
of high-density polyethylene and MWCNTs was 
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investigated using oxidized MWCNTs and amine-
functionalized MWCNTs. Another important fac-
tor is the  synthesis method. In Ref.  [4], MWCNTs 
were synthesized by both arc discharge and chemical 
vapour deposition methods for comparative inves-
tigation. Transmission electron microscopy (TEM) 
results demonstrated the advantages of the arc dis-
charge method as the  resulting nanotubes were 
well graphitized. Acid treatment can also introduce 
various functional groups, which in turn can alter 
the physicochemical properties of carbon nanotubes 
and enhance their potential in chemical sensing ap-
plications.

Depending on their structure and wall thickness, 
carbon nanotubes exhibit different thermal conduc-
tivities [5, 6]. The main factors affecting thermal con-
ductivity include the MWCNTs density, the number 
of structural defects, the  nanotube arrangement 
within arrays, the measurement direction relative to 
the tube alignment, temperature and MWCNTs type.

The diverse properties of carbon nanomateri-
als enable a  wide range of applications. Carbon 
nanomaterial coatings, for instance, have shown 
promise in biomedical applications, particularly 
for implants used in implantology, cardiology and 
neurology  [7]. The  unique one-dimensional (1D) 
nanostructure of carbon nanotubes also facilitates 
their integration into macroscopic architectures 
such as 1D fibres, 2D films and 3D sponges or aero-
gels. Due to their excellent mechanical and elec-
trical properties, MWCNTs and MWCNTs-based 
hybrid materials are ideal building blocks for flex-
ible batteries [8]. Such batteries, which retain their 
function under various mechanical deformations, 
are attracting increasing interest for use in emerg-
ing portable and wearable electronic devices.

Optimizing the  performance of these materials 
requires a  thorough understanding of the  decom-
position mechanisms of MWCNTs over time, par-
ticularly under thermal stress  [9, 10]. The  isother-
mal oxidation of MWCNTs has been investigated by 
thermogravimetric analysis (TGA) over a tempera-
ture range of 573–823 K [9]. Oxidation was found 
to be controlled by both chemical and diffusion 
processes, depending on the temperature range. Ac-
cording to Ref. [11], thermogravimetry-differential 
thermogravimetry (TG–DTG) data indicate that 
the high-temperature treatment in an inert atmos-
phere effectively improves the  thermal stability of 
CNTs under ambient conditions.

The doping of nanocomposites, including car-
bon-based materials, with various metals can signif-
icantly alter their optical, electronic, magnetic and 
thermal properties  [12–15]. Carboxyl-functional-
ized MWCNTs serve as efficient nanoplatforms for 
immobilizing multiple molecules through covalent 
bonding, hydrogen bonding, or π–π stacking inter-
actions [16–18].

In our previous works  [19–26], we investigated 
the  functionalization, doping, morphology, struc-
tural and photoelectrical characteristics of carbon 
nanotubes, as well as their potential applications. 
The aim of the present study is to perform an inves-
tigation of the  thermogravimetric behaviour and 
specific heat capacity for MWCNTs doped with 5% 
gadolinium.

2. Experimental details

2.1. Sample preparation

The initial carbon nanotubes were synthesized via 
the  arc discharge method and subsequently func-
tionalized  [23, 24] for further doping. In previous 
studies  [19–22], Gd-doped MWCNTs were syn-
thesized via a hydrothermal method. The same ap-
proach was used to synthesize MWCNTs doped 
with 5% Gd. All reagents for synthesis were obtained 
from Sigma-Aldrich, USA, and used  without fur-
ther purification.

Transmission electron microscopy imaging was 
made with a Hitachi (Japan) HT 7700 TEM micro-
scope at room temperature. An accelerating  voltage 
of 110–120 kV and magnifications of x60-100 were 
selected.

TGA was performed on a NETZSCH simultane-
ous thermal analyzer STA 409 PC/PGTGA in the air 
atmosphere.

2.2. TEM microscopy 

The morphologies and structures of different car-
bon nanomaterials, such as pristine multiwalled 
carbon nanotubes, carboxyl-functionalized mul-
tiwalled carbon nanotubes (F-MWCNTs) and 5% 
Gd-doped MWCNTs (5%Gd-MWCNTs), were 
analyzed by transmission electron microscopy 
(TEM), focusing primarily on their size, shape and 
distribution. The  findings are presented in Fig.  1, 
which includes a 100 nm scale bar (in yellow).
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The structural features and transformations of 
F-MWCNTs are presented in Refs. [23–24]. The tu-
bular morphology of all MWCNTs, along with 
surface textures ranging from smooth to mildly 
heterogeneous ones, was confirmed as reported 
in Refs.  [8, 21–24]. Acid treatment notably en-
hanced the solubility of multiwalled carbon nano-
tubes by introducing carboxylic functional groups 
(–COOH) at their sidewalls and tips. Furthermore, 
the  properties of gadolinium-doped MWCNTs 
were also investigated in Ref. [24].

2.3. TGA/DSC analysis

Thermogravimetric analysis is an effective technique 
for evaluating thermal stability and the  degree of 
functionalization of carbon nanotube materials [28]. 
To investigate the  thermal behaviour of carbon-
based nanomaterial, the thermal degradation exper-
iment was conducted in air. The TGA curve of 5% 
Gd-doped MWCNTs is presented in Fig. 2. 

The TGA results from Fig. 2 represent the fea-
tures of mass loss for the  carbon nanocomposite 
with increasing temperature.

As we reported earlier in Refs.  [21, 24], pris-
tine MWCNTs were not thermally stable at tem-
peratures above 500°C, exhibiting a  single-step 
degradation process between 500 and 700°C 
with approximately 10% residual ash. In the case 
of the  5% Gd–MWCNT nanocomposite, a  simi-
lar major degradation step was observed within 
the  same temperature range. However, an addi-
tional weight-loss step appeared at a  lower tem-
perature, corresponding to a  mass loss of about 
7%. A  comparable trend was also reported in 
Refs.  [21, 24] for our carboxyl-functionalized 
MWCNTs, which was attributed to intermo-
lecular reactions between carboxylic groups and 
the evaporation of physically adsorbed water mol-
ecules from the MWCNT structure. In the present 
study, this low-temperature mass loss can be as-
sociated with the presence of hydroxyl groups that 
reacted with gadolinium. The pronounced weight 
loss observed between 500 and 700°C indicates 
the  complete decomposition of MWCNTs, leav-
ing less than 10% residual ash, a  value consist-
ent with that of undoped MWCNT [21, 24]. For 
the  5% Gd–MWCNT nanocomposite, the  DTG 
peak observed at 643°C is shifted toward higher 
temperatures compared to the carboxyl-function-
alized MWCNTs (DTG peak ∼625°C) and is close 
to the value obtained for pristine MWCNTs [24]. 
This shift may be attributed to the  presence of 
Gd2O3 or Gd3+ ions, which can act as thermostabi-
lizing agents, enhancing the oxidation resistance 
of the CNTs.

The specific heat capacities of carbon nanoma-
terials were determined from differential scanning 

Fig. 1. TEM images of synthesized MWCNT (a), F-MWCNT (b) and MWCNT with 5% Gd dopant (c).

Fig. 2. TGA curve of 5% Gd-MWCNTs.

(a) (b) (c)

Temperature (K)

Temperature (°C)

W
ei

gh
t (

%
)

0           200         400        600         800        1000

400        600        800        1000        1200
100

80

60

40

20

0

5% Gd-MWCNT

643



ISSN 1648-8504   eISSN 2424-3647	 	 R.G. Abaszade et al. / Lith. J. Phys. 65, 147–153 (2025)150

calorimetry data through computational process-
ing  [24, 27–28]. The specific heat capacity Cp for 
the 5% Gd–MWCNT composite exhibits a non-
monotonic temperature dependence which is char-
acterized by two distinct maxima, each followed by 
a local minimum (Fig. 3). This behaviour suggests 
the occurrence of multiple, sequential thermally 
activated processes within the composite. The first, 
minor maximum and its subsequent minimum oc-
cur at lower temperatures and correlate with the 
initial, low-temperature mass loss observed in the 
TGA data (Fig. 2). These features are attributed to 
surface-related phenomena, such as the desorp-
tion or reorganization of functional groups. The 
second, sharp maximum coincides precisely with 
the onset of the primary decomposition step in the 
TGA curve, marking the initiation of the compos-
ite’s major thermal degradation. This Cp peak cor-
responds to the energy absorption required for the 
initial breakdown of the nanocomposite structure. 
Following this peak, the Cp value decreases rapid-
ly to a local minimum at 826.4 K. This minimum 
can be associated with the transition to the heat 
capacity of the residual material. As the MWCNT 
matrix combusts, the carbon scaffold is consumed, 
leaving a stable Gd2O3 residue, consistent with 
the 5–8% residual mass in the TGA. In this case, 
the sharp drop in Cp reflects the transition from a 
high-surface-area carbon-based nanocomposite to 
a non-nanostructured, low-mass metal oxide. The 
subsequent gradual increase in Cp represents the 
intrinsic heat capacity of the newly formed Gd2O3 
residue at elevated temperatures.

Table 1 presents the minimum specific heat ca-
pacity values of CNT doped with 5% gadolinium.

Table 1. Data of specific heat capacity minimum for 
5% Gd–MWCNT nanocomposite.

Sample T, K Cp, J/kg K

5% Gd–MWCNT 826.4 630.4

The  low specific heat capacity of 5  wt% Gd-
doped multi-walled carbon nanotubes (Table  1) 
can be attributed to several factors:

–  Low Gd doping can introduce isolated de-
fects that modify the phonon density of states, 
thereby suppressing low-frequency acoustic 
phonons and reducing Cp. Defect-induced 
phonon scattering broadens the  vibrational 
modes, particularly at low doping levels where 
Gd clustering is negligible.
– The 4f electrons of Gd can enhance electron–
phonon coupling, leading to damping of pho-
non modes at elevated temperatures and limit-
ing the increase in Cp at low doping compared 
to higher concentrations.
–  Paramagnetic Gd may promote spin–pho-
non interactions above its Curie temperature, 
diverting energy into magnetic excitations and 
further lowering Cp. Local lattice distortions 
arising from diluted Gd moments can also con-
tribute to phonon damping.
–  At high temperatures, isolated Gd atoms 
exhibit minimal Schottky contributions; how-
ever, short-range magnetic correlations or 
Kondo-like effects can suppress Cp by channel-
ling energy away from lattice vibrations.

3. Conclusions

Carbon nanocomposite materials, such as MWCNTs 
doped with 5% gadolinium, were produced. Ac-
cordingly, the microstructures of the samples were 
investigated using electron microscopy methods. 
The  morphology of the  nanotubes was charac-
terized by smooth and homogeneous surfaces. 
The  chemical transformations and thermal prop-
erties of the  synthesized samples were confirmed 
by TGA measurements, which showed that carbon 
nanotubes are not thermally stable at temperatures 
above 500°C and undergo two-step degradation. 
The specific heat capacity of MWCNTs doped with 

Fig. 3. Temperature dependences of specific heat 
capacity for 5% Gd-MWCNT.
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5% gadolinium was determined to be 630.4 J/kg·K 
at 826.4  K, and the potential mechanism for this 
low value was also discussed.
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