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Abstract
In this letter, we report a new space charge suppression solution for polymer dielectrics by a manner of incorporating 2D Talc 
nanoclay particles to enhance shallow trap mediated charge transport. This approach was verified in both semi-crystalline 
cross-liked polyethylene (XLPE) and amorphous cross-linked ethylene propylene rubber (EPR), with large performance 
improvement independent of the crystalline morphology of polymers. The introduction of 2D Talc nanoclay modifies the 
distribution of the traps in polymer with enlarged number of shallow states, effectively increasing the charge carrier mobil-
ity while significantly reducing the macroscopic activation energies for XLPE from 0.88 to 0.66 eV and for EPR from 0.97 
to 0.54 eV, as indicated by the quasi steady-state conduction measurement. The shallow trap mediated charge transport was 
further investigated by the Thermally Stimulated Depolarization Current (TSDC) measurement, confirming the decrease 
in the activation energy from 0.99 to 0.54 eV for XLPE and from 1.02 to 0.52 eV for EPR. The resulting higher mobility 
of charge carriers in the nanocomposite samples with 2D Talc nanoclay contributes to a notable suppression of the hetero-
polar space charge, and consequently, a huge reduction of the local electric field enhancement, from 60 to 15% for XLPE 
and 31.5–11% for EPR, when tested at 50 °C with the presence of a thermal gradient. This trap-mediated charge transport 
study unveils a new approach for HVDC cabling with high scalability for future renewable energies.
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1 Introduction

Polymer dielectrics, such as cross-linked polyethylene 
(XLPE) and ethylene propylene rubber (EPR), have been 
widely used as the insulators for high voltage equipment 
[1–3]. However, the development of the polymer dielec-
trics for high voltage direct current (HVDC) cable insula-
tion remains a challenging task for both scientific research-
ers and engineers due to the complexity and interplays of 
strongly temperature dependent electrical conductivity and 
accumulation of trapped space charges in polymers [4, 5]. 
Suppressing space charge has been regarded as the most 
critical issue of HVDC insulation [6–8], and many material 
modification solutions have been proposed. Tailoring the 

bulk properties of polymer matrix by introducing inorganic 
nanoparticles has been reported with performance enhance-
ment via space charge suppression. For instance, the intro-
duction of surface-treated silica nanoparticles in LLDPE [6], 
ZnO nanoparticles in PE [9], NaY zeolite in PE [10], poly 
(stearyl methacrylate)-grafted  SiO2 nanoparticles in XLPE 
[11], and MgO nanoparticles in PVDF [12] have already 
been studied. However, these studies are based on the sup-
pression effect of the introduced deep traps for efficient 
charge capturing near the electrode-dielectric interface so 
as to reduce the electric field next to the electrode to block 
the charge injection. These approaches are inherently prone 
to voltage polarity reversal and may lead to insulation failure 
in emerging Smart-Grids with topologies like multi-terminal 
DC designed for distributed, clean, and renewable ener-
gies integration. In this work, we report a trap modulation 
approach based on the shallow traps introduced by incorpo-
rating large interface 2D nanoclay in polymer dielectrics for 
superior DC characteristics. Representative polymer dielec-
trics of XLPE and EPR, with one being semi-crystalline and 
the other amorphous, are employed as the base materials to 
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showcase the effectiveness of this novel shallow-trap modu-
lation approach in the suppression of space charge accu-
mulation as well as the tuning of temperature coefficient of 
electrical conductivity, two most critical characteristics for 
HVDC insulations.

2  Experimental details

PE and EPR with peroxide cross-linkers were prepared and 
incorporated with a 40% weight ratio of 2D Talc nanoclay. 
Samples denoted by XLPE-P, XLPE-C, EPR-P, and EPR-C 
stand for the pure XLPE, the Talc-filled XLPE, the pure 
EPR, and the Talc-filled EPR, respectively. The samples 
were hot-pressed at 120 °C and 9 tons pressures for 10 min 
to prepare plaques with desired thickness. After that, the 
samples were cross-linked at 165 °C and 5 tons pressures 
for 15 min to complete the cross-linking process. A Thermo 
Fisher Verios scanning electron microscopy (SEM) was uti-
lized to investigate the morphology of the samples. X-ray 
diffraction (XRD) spectroscopy was applied to study the 
crystalline morphology of the samples qualitatively. To char-
acterize the thermal behavior of the samples and compare 
the level of crystallinities, differential scanning calorimetry 
(DSC) scans from −80 to 220 °C with 10 °C/min rate of heat 
flow were used.

The dielectric spectroscopy was measured using an 
IMASS time-domain dielectric spectrometer (TDDS). A 
Laplace transformation was applied to the results to convert 
the data in the time domain to frequency response. The 
TDDS measurements were performed utilizing a stainless-
steel guarded electrode configuration with an electrode 
diameter of 2.54 mm and the thickness of samples is ⁓1 mm 
[13]. The pulse electroacoustic (PEA) was utilized to char-
acterize the charge density distribution of the samples under 
DC electric field. For PEA measurement, the samples with 
a thickness of ~ 250 µm were prepared and coated with 60/40 
weigh% Au/Pd sputter coatings on both sides [13]. The 
space charge was measured under 20 kV/mm at 25 °C and 
at 50 °C with 1 °C/mm thermal gradient (TG) across the 
samples in parallel with the direction of applied electric field 
to simulate the load condition in actual cable. The electric 
field distribution across the samples because of space charge 
accumulation was calculated using the Gauss’s law as pre-
sented by E(x) = 1

!0!r
∫ x

0
"(x)dx , where !(x) is the charge den-

sity, E(x) is the electric field, !0 is the vacuum permittivity, 
and !r is the relative permittivity of the material. The electri-
cal conductivity was measured by employing a three-termi-
nal sample holder built in accordance with the ASTM 257 
Standard inside of an oven to control the ambient tempera-
ture. The polarization current data were recorded via a 
Keithley 6514 electrometer for 2000 s and the average of 

current density at 1900–2000 s was used to calculate the 
conductivity. Thermally stimulated depolarization current 
(TSDC) was measured to evaluate the trapping characteris-
tics of the samples. For TSDC, the sample was heated to 
80 °C and poled at 20 kV/mm for 120 min. Then, with the 
electric field still applied, the sample was cooled to − 80 °C. 
Finally, the electrodes were short-circuited and the current 
in the circuit was measured during the reheating of the sam-
ple with a rate of 3 °C/min up to 130 °C.

3  Results and discussion

Figure 1a–d shows the cross section of the samples. It can 
be found from Fig. 1a and b that the pure samples appear 
uniform with compact texture without defects. Figure 1c and 
d verified that 2D Talc nanoclay were distributed uniformly 
across the polymer matrix of XLPE and EPR in parallel with 
the surface of the samples. In Fig. 1e, the diffraction peaks 
of XLPE-P and EPR-P at 2θ⁓21° and the major peaks of the 
2D Talc nanoclay at 2θ ⁓9.8°, 18.9°, 28.5°, 48.8°, and 59.3° 
have been verified favorable to the incorporated 2D Talc 
nanoclay. It should be noted that XLPE-P has a sharper peak 
compared with the wide peak of EPR-P, which is due to the 
semi-crystalline morphology of XLPE in comparison with 
the amorphous structure of EPR. In Fig. 1f, the DSC spectra 
for the heating curves, the XLPE-based samples have a peak 
at 100 °C, which is attributed to the change of crystallinity 
from crystalline to amorphous structure in the semi-crystal-
line XLPE. The glass transition of the EPR-based samples 
was observed around − 50 °C. In addition, the peak at 50 °C 
in the EPR-based samples is related to the small crystallin-
ity of the EPR polymer as related to the ratio of ethylene 
to propylene in the EPR structure. The pure samples have 
crystallinity peak with higher amplitude compared with the 
filled nanocomposites of the same polymer due to the higher 
amount of crystalline polymer chains in a same weight.

Considering the first peak of 2D Talc nanoclays at 2θ 
⁓9.8° and using Bragg’s law, d = n!

2"#$%
 , where n is the dif-

fraction order (1, 2, 3, 4, …), θ is the x-ray incident angle, 
and ! is the wavelength of x-ray for Cu anode,1.54 nm, 
[14] the inter-planar spacing or d is 9.01 Å. Therefore, 
each elementary sheet of Talc layer which is composed of 
a layer of magnesium-oxygen/hydroxyl octahedra, sand-
wiched between two layers of siliconoxygen tetrahedral 
has a thickness of ⁓2.7 nm. Using SEM, the average thick-
ness of stacks of 2D Talc nanoparticles are ⁓200–300 nm. 
This means each stack includes on average ⁓70–110 Talc 
sheets. The 2D nanoclay particles incorporated into poly-
mer matrix are oriented parallel with the surface of the 
plaque. Considering a uniform and oriented distribution 
of 2D nanoclay particles inside of the polymer matrix, in 
a micro-scale volume of the composite as presented in 
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Fig. 2, the surface area is similar between the 2D nanoclay 
and polymer matrix. Therefore, the distance between the 
particles is in direct relation with the volume of polymer 
matrix as presented by Eq. (1),

where df is the average thickness of particles, dp is the aver-
age space between particles, Vf is the filler volume, Vp is 
the polymer volume, wf is the weight ratio of filler, wp is the 
weight ratio of polymer, ρf is the density of filler, and ρp is 
the density of polymer. Considering 40%, 60%, 2.7 (g/cm3), 
and 1.2 (g/cm3) as the weight ratio of filler, the weight ratio 
of polymer, the density of filler, and the density of polymer, 
respectively, the ratio of particles’ thickness to the distance 

(1)
df

dp
=

Vf

Vp

=
(wf∕!f )

(wp∕!p)

between particles is ⁓0.3. Therefore, the average distance 
between particles is ⁓666–1000 nm.

Dielectric constant and dissipation factor of the pure 
and the nanocomposite samples in the frequency range of 
0.01–10,000 Hz at room temperature are presented in Fig. 3. 
The dielectric constant and dissipation factor of the samples 
increase with incorporation of 2D nanoclay particles into the 
polymer matrix as shown in Fig. 3a and b, respectively. The 
reason is the presence of interfacial polarization or Max-
well–Wagner polarization in the nanocomposite samples. 
Difference in electrical characteristics of polymer and 2D 
nanoclay particles in the nanocomposite samples leads to a 
buildup of charge at the interface between the particles and 
polymer under applied electric field, and the loss peaks at 
lower frequencies present this type of polarization [15, 16].

The charge distribution across the XLPE-based samples 
is depicted in Fig. 4. Figure 4a presents the charge distri-
bution of XLPE-P at 25 °C. A hetero-polar charge cluster 
with the amplitude of ~ 7.5 C/m3 was accumulated adjacent 
to the cathode. The electric field distribution of XLPE-P is 
shown in Fig. 4b where the hetero-polar charge results in a 
local electric field enhancement (EFE) up to 28 kV/mm, a 
40% enhancement of the nominal field, next to the cathode. 
The charge accumulation became worse at 50 °C with TG, 
as shown in Fig. 4c, and the extension of positive charge 

Fig. 1  (a) cross section of XLPE-P, (b) cross section of EPR-P, (c) cross section of XLPE-C, (d) cross section of EPR-C, (e) XRD spectra, and 
(f) DSC spectra

Fig. 2  Schematic presentation of 2D nanoclay particles in polymer 
matrix
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clusters can be observed from the middle of sample (0.5 
P.U.) to near the cathode (0.1 P.U.) with a maximum density 
of 7.7 C/m3. Therefore, this exacerbates the electric field 
distortion next to the cathode up to 32 kV/mm, 60% higher 
than the nominal field, as presented in Fig. 4d. The charge 
accumulation at 25 °C was suppressed in XLPE-C as shown 
in Fig. 4e and it makes the electric field significantly uniform 
with the maximum amount of 21.4 kV/mm, an EFE of only 
7% (Fig. 4f). With temperature rise and TG, a tiny amount of 
injected negative charge close to the cathode as homo-polar 
charge can be observed in Fig. 4g. Due to the suppression 
of hetero-polar charge across the bulk, the electric field dis-
tribution of XLPE-C is uniform and without any notable 
electric field enhancement with the maximum electric field 
of 23 kV/mm, an EFE of only 15% (Fig. 4h).

Measured at a similar condition to XLPE-P, EPR-P shows 
significant amount of accumulated charge across the sample, 
spreading from the middle to close to the cathode with the 
maximum density of 4.4 C/m3 next to the cathode (Fig. 5a). 
This charge accumulation especially the hetero-polar charge 
adjacent to the dielectric-electrode interfaces accounts for 
the local EFE of 28.8 kV/mm, 44%, as depicted in Fig. 5b. 

At 50 °C with TG, the accumulated positive charge extended 
across the sample with the maximum density of 6.7 C/m3 
at the position of 0.6 P.U., as shown in Fig. 5c. This charge 
accumulation augments the electric field locally next to the 
cathode, with a maximum electric field of 26.3 kV/mm, an 
EFE of 31.5% (Fig. 5d). Compared with EPR-P, EPR-C 
exhibits outstandingly suppressed hetero-polar charge accu-
mulation at both temperatures, as shown in Fig. 5e and g. 
The maximum density of the accumulated charge is less than 
2 C/m3 at 25 °C, and 2.2 C/m3 at 50 °C with TG, respec-
tively. The resulting uniform electric field distribution in 
EPR-C with a maximum electric field of 21.8 kV/mm or an 
EFE of only 9% at 25 °C, and 22.2 kV/mm or an EFE of only 
11% at 50 °C with TG, as shown respectively in Fig. 5f and 
h, clearly indicates the suppression of space charge under not 
only low (current) load condition, but more importantly, the 
emulated high load condition with a temperature gradient 
across the polymer dielectric that often induces hetero-polar 
charge. Such huge improvement is attributed to this unique 
shallow-trap modulation approach with the incorporation 
of 2D platelet Talc nanoclay, as will be further revealed in 
the underlying mechanism studies of temperature dependent 
electrical conductivity and TSDC characterizations.

The conductivity of the samples can be found in Fig. 6a 
and b. The presented results have been measured for three 
different fresh samples and the error bar shows the stand-
ard deviation from the average. The conductivity values 
increased with electric field and temperature. The conduc-
tivity of the EPR-based samples appears to be higher than 
the XLPE-based samples under the measured conditions. 
For example, the conductivity of the samples with XLPE as 
the polymer changes in the range of 1.28 ×  10–16–5.43 ×  10–15 
S/m at 25 °C; however, for the EPR-based samples it alters 
from 3.33 ×  10–16 S/m to 1.24 ×  10–14 S/m. This could be due 
to the lower bandgap of EPR, i.e., ~ 6–7 eV [17], compared 
with that of XLPE polymer which is about 8.5 eV [18]. In 
addition, EPR has a more amorphous structure with inher-
ently more disordered structures than the semi-crystalline 
XLPE [19]. This causes the larger amount of localized states 
or Anderson states and accordingly higher conductivity of 
the EPR-based samples than XLPE-based ones.

The other salient observation from conductivity results 
is the lower dependency of conductivity to electric field in 
the nanocomposite samples compared with the pure ones 
at both temperatures. The conductivity of XLPE-P var-
ies from 1.62 ×  10–16 under 10 kV/mm to 4.62 ×  10–15 S/m 
under 40 kV/mm at 25 °C; however, it is in the range of 
3.28 ×  10–16–1.55 ×  10–15 S/m for XLPE-C. Also, EPR-P 
has a remarkable variation of conductivity (about two 
orders) with increasing electric field from 3.89 ×  10–16 
to 1.23 ×  10–14 S/m at 25 °C. On the other hand, EPR-C 
has only a moderate conductivity rise from 3.64 ×  10–15 
to 4.67 ×  10–15 S/m with the electric field rise. The same 

Fig. 3  (a) Dielectric constant, and (b) dissipation factor of the studied 
samples in the frequency range of 0.01–10,000 Hz at room tempera-
ture
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condition is relevant at higher temperature where the con-
ductivity of the XLPE-P and EPR-P modify notably (more 
than one order) in the range of 3.57 ×  10–16–7.35 ×  10–15 
S/m and 4.19 ×  10–15–4.27 ×  10–14 S/m, respectively. Nev-
ertheless, the conductivity rise is still smooth for the nano-
composite samples. The conductivity of XLPE-C changes 
between 8.12 ×  10–16 and 4.14 ×  10–15 S/m and EPR-C alters 
between 8.37 ×  10–16 and 1.98 ×  10–15 S/m. The electric field 
dependency of conductivity in dielectrics is related to the 
mean distance between the traps [2, 20]. This suggests that, 
when the density of the shallow traps involved in charge 
transport increases and consequently the average distance 
between the traps decreases, the dependency of conductivity 
to electric field reduces. Therefore, the density of the shal-
low traps should be higher in the nanocomposite samples 
compared with the pure ones.

The dependency of conductivity to temperature is charac-
terized by evaluating the activation energy of conductivity 
and follows the Arrhenius equation as presented in Eq. (2),

where σ0 is the conductivity at infinite temperature (S/m), 
φ is the activation energy (eV), k is the Boltzmann’s con-
stant (eV/K), and T is the absolute temperature (K). The 
logarithmic version of Arrhenius equation is a straight line 
often used to fit the experimental results and reach activa-
tion energy. Figure 6c presents the Arrhenius plots of the 

(2)!(T) = !0"#$
(−%

kT

)

conductivities at different temperatures from 30 to 90 °C 
at 10 kV/mm. The slope of the fitted plots, the solid lines, 
represents the activation energy, which is considered as the 
hindrance against charge carriers’ mobility and could allude 
the average effective depth of the traps in bulk of dielectric. 
Thus, the higher dependency of conductivity to temperature 
and hence higher activation energy of conductivity indicates 
the higher average depth of the traps. The measured acti-
vation energies for XLPE-P, XLPE-C, EPR-P, and EPR-C 
are 0.88, 0.66, 0.97, and 0.54 eV, respectively. With respect 
of activation energy, it is suggested that the average depths 
of the traps in XLPE-C and EPR-C are correspondingly 
lower in comparison with XLPE-P and EPR-P. Moreover, 
the profound reduction in the activation energy results in in 
the nanocomposite samples not only higher charge carrier 
mobility and lower dielectric time constant (τ = ε/σ), but also 
highly suppressed space charge and modulated conductivity 
with lower temperature dependence.

The TSDCs as a function of temperature have been meas-
ured and presented in Fig. 6d. To study the TSDC results 
and calculate the activation energy, a curve fitting method 
[21] was used. The measured depolarization current density 
J(T) is related to activation energy w as described in Eq. (3),

(3)J(T) = Aexp{−
w

kT
−

B

b

T

∫
T0

exp
(

−
w

kT ′

)

dT
′

}

Fig. 6  (a) Electrical conductiv-
ity at 25 °C, (b) electrical con-
ductivity at 50 °C, (c) Arrhenius 
plots for the conductivities 
at 10 kV/mm on temperature 
range of 30–90 °C, and (d) 
TSDC spectra
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where T and T’ are temperatures [K], T0 is the initial tem-
perature [K], b is the heating rate [K/s], and A [A/m2] and 
B [1/s] are adjustable parameters [21, 22]. In the fitting 
process, the nonlinear Levenberg–Marquardt algorithm 
was used and the reduced chi-square and adjusted r-square 
values were controlled to obtain the optimal parameters. 
The fitted curve of the peak for the studied samples have 
been presented in Fig. S1-S4 in the supplementary file. 
The resulted activation energy is 0.99 eV for XLPE-P and 
0.54 eV for XLPE-C. The significant decrease in the activa-
tion energy shows the decrease in the average trap depth 
and the effective energy barrier against de-trapping process 
for XLPE-C compared with XLPE-P. The higher amplitude 
of depolarization current at higher temperatures is attrib-
uted to the higher density of the deeper traps and the higher 
amount of trapped charges in the bulk of XLPE-P compared 
with XLPE-C. EPR polymer shows a similar behavior with 
the activation energy of 1.02 eV for EPR-P and 0.52 eV 
for EPR-C. Therefore, the nanocomposite samples have a 
shallower average trap depth in comparison with the pure 
samples. The large interface of 2D Talc nanoclay particles 
with the polymer matrix and its interfacial characteristics 
modified the distribution of the traps by introducing shallow 
traps, a tuning of the trap modulated charge transport. This 
effect was also explained and verified by the dependency of 
conductivity to electric field and temperature.

4  Conclusion

In summary, we demonstrated that the incorporations of 2D 
Talc nanoclay into the semi-crystalline XLPE and amor-
phous cross-linked EPR both leads to the space charge sup-
pression especially the hetero-polar charge accumulation 
under DC electric field. The lower amount of accumulated 
charge contributes to the more uniform electric field distri-
bution and a significant reduction in maximum local EFE 
for the nanocomposite samples under not only low (power) 
load but also high load condition that imposes a thermal 
gradient across the cable insulation. The uniformly distrib-
uted 2D Talc nanoclay with large interface with polymer 
matrix altered the distribution of the traps to introduce a 
larger amount of shallow states. The growth of the shal-
lower traps density causes higher charge carrier mobility 
which alters the electrical conduction characteristics. In 
addition, the activation energies measured by both quasi 
steady-state electrical conduction and TSDC are lower for 
the samples with 2D Talc nanoclay which confirms the 
lower average trap depth and lower energy barrier against 
charge carrier transport in these nanocomposite samples 

and thus elucidates the mechanism of space charge sup-
pression. The results of this study unveil a new pathway for 
the design of novel polymer-based nanocomposites for the 
HVDC insulators.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00339- 022- 05450-y.
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