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Abstract: Hierarchical layered architecture in thermoelectric materials works as an ad hoc
methodology for strengthening the unique inherent properties. Here, we demonstrate an excellent
thermoelectric behavior in novel 2D copper iodide nanoflakes by compositing with TisC2 MXene
nanoinclusions. The interlaced architecture of Cul/TisC2 composite lifts the electrical conductivity
over two orders by efficient charge transport mechanisms. The thermal conductivity of Cul/TisCz
composite are reduced by drastic suppression of mid-and high-frequency phonons by interfacial
energy barrier scattering. Our structural engineering approach yields a massive power factor of
225 pW m* K2 and a figure of merit value of 0.48 in Cul/5 vol.% TisC2 composite. We establish
a straightforward approach of tuning the figure of merit in earth-abundant, non-toxic

thermoelectric materials to develop future sustainable energy sources.
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Short Summary

Layered 2D thermoelectric materials are known for their exceptional electrical and thermal
properties. Hierarchical structuring of these novel 2D materials enhances the thermoelectric
properties of by steadily tuning the electron and phonon transport characteristics in the material.
Here we demonstrate the phenomenon of interfacial energy barrier scattering in hierarchically

interlaced structure of Copper lodide with Mxene for enhanced thermoelectric performance.




Environment-friendly and sustainable semiconducting materials are needed due to their massive
use in renewable energy generation devices/systemsi*?.  The conventional semiconducting
materials for thermoelectric energy conversion primarily are metal chalcogenide (S, Se, Te)
compounds as they demonstrate the “electron-crystal, phonon-glass” model®*l. Though organic
semiconducting materials demonstrate good thermoelectric properties, they are not comparable
with power conversion levels and reliability of inorganic compounds at room temperaturel®. Earth-
abundant Copper lodide (Cul) is a p-type semiconducting material with a defect tunable bandgap
of 0.9-1.9 eV and is known for its excellent hole-transport property-2l. Thermoelectric power
conversion in copper iodide thin film and bulk materials are being explored for their transparent
and high-hole mobility nature '3, These advanced properties of copper iodide are attributed to
the light holes with an effective mass of 0.3mo and zinc-blende type structurel*?l. Copper iodide
thin film holds the largest figure of merit for transparent thermoelectric thin films with 0.22[*31,
Facile and easy synthesis and fabrication of copper iodide materials make them practically ideal
for the thermoelectric power conversion process. Though the material experiences low electrical
conductivity, its massive Seebeck coefficient of 600 uV K at room temperature reflects the
potential power factor of 10% W m™ K2, In recent studies with copper iodide, various simple
fabrication routes using both solution process and solid-state synthesis like solid/vapour iodization
processi™, pulsed laser deposition!**] SILAR process*l, and thermal evaporation® were
experimented. Irrespective of the synthesis process, the binary copper iodide demonstrates
excellent thermal stability in the medium temperature range of 300 - 573 K[*®l. To boost the
thermoelectrical properties of Cul equivalent to that of the conventional bismuth telluride materials,
their electrical conductivity needs to be tuned to the level of 102-10° S/m. In this aspect, adding

secondary semi-conductive nanoinclusion into the matrix of the host can efficiently enhance the



carrier density and additionally scatter phonons via energy barrier scattering!*’l. The synergistic
effect of nanoinclusion over the carrier and phonon transport in the host matrix has been well
demonstrated in the conventional bismuth telluride matrix['8l. Moreover, it is important to prefer
nanoinclusions of low dimension type for a larger phase boundary leading to effective to effective
transport channeling of the charge carriers and in turn enhance the thermopower®2%, Also,
thermal conductivity of composites are persistently low as because the bonding and vibrational
spectra of the host matrix and nanoinclusion are totally different which creates an
anharmonicity?>?2, Particularly, layered low dimensional thermoelectric materials exhibit strong
in-plane bonding, weak out-of-plane bonding featuring bond heterogeneity and their weak
interlayer interaction eases the quantum confinement effect for efficient charge carrier transport in

the material?!,

Here we report on the boosted thermoelectric properties of solution-processed 2D flakes of y-Cul
bulk material via nano inclusions of layered TisC2 MXene. We introduce the facile synthesis of y-
Cul nanoflakes and interlaced with TisCz secondary phase for the first time. MXenes exhibits
metallic transport behaviour and holds equivalent band alignment with Cul, which will support the
increase in the power factor of the Cul/TisC2 composite?*261. We demonstrate the proportional
increase in the electrical properties of Cul by increasing the volume percentages of TisC: in the
matrix. The interlaced structure of Cul nanoflakes and MXene nanoinclusions in the matrix helps
to significantly rise in power factor and decrease in thermal conductivity, which produces a
practically large figure of merit!?"2%l, In this work, we focus on developing non-toxic and eco-

friendly copper iodide material with MXene interlacing for practical thermoelectric applications.
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Figure 1(a) XRD pattern comparison for y -Cul, TisC,, and hot-pressed Cul-Mx5% samples (b) and (c)
Raman analysis for Cul-Mx5% representing the characteristic peaks for Cul and TisC, respectively (d)
FESEM image showing layered stacking of Cul nanoflakes in the hot-pressed sample () FESEM image for
Cul-Mx5% showing the interlacing of TisC,. Inset images (el) and (e2) represent the TisC, present and

Raman mapping of the distribution of TisC; in Cul-Mx5%, respectively.



Figure 1 shows the structural characterization of the fabricated Cul/TisC2 composite where the X-
ray diffraction pattern matches with the cubic y-phase of Cul and the standard pattern of JCPDS
card no: 06-0246 with high crystallinity [*6]. The XRD pattern of the sample with Cul/5% TisC:
MXene interlacing exhibits the characteristic peaks [111], [110], and [220] of TisC2. Raman
spectrum of the corresponding sample depicts the characteristic transverse-optical mode of Cul at
91 cm? and 124 cm™ and the TisC2 characteristic D and G band at 1364 cm™ and 1568 cm™
respectively [*24, Figure 1d shows the layered stacking of pristine copper iodide nanoflakes in the
hot-pressed sample, this layered material morphology is particularly preferred for exceptional

carrier transport satisfying the electron-crystal model.

The 2D layered growth of Cul nanoflakes along the [111] plane resembles the growth pattern of
transition metal dichalcogenides typically representing triangular shapes with the size of 1-3 um?°l,
FESEM image in figure 1e shows the uniform distribution of 5 vol.%Ti3C2 MXene in Cul matrix
and demonstrates a high-density nature of the pelletized samples without any observation of porous
structures. The inset image figure 1el shows the layered structure of MXene interlaced in the Cul
matrix. Inset image figure 1e2 shows the Raman mapping of the Cul/TisC2 matrix, which explains
the distribution uniformity level of interlaced TisCz. Micro/nanostructure characteristics of the
composite are distinctly observed from the back scattered electron SEM analysis as shown in
supporting information figure S1. Further to understand the possible band structure of Cul and
electronic density of states of Cul and TisC2 matrix, we performed the DFT-VASP calculation as
shown in figure 2B°3%, The addition of the secondary phase can add cause alterations in the

effective mass of the matrix band structure.



Table 1 Thermoelectric properties of Cul matrix with different TisCz inclusion vol.% at room

temperature.

: : . Effective

wans oty S S cae S o
(LV/K) (S/cm) (x10¥®cm®)  (m*/mo) (x10%® cm?)

0 5.32 254 0.50 0.03 0.02 0.11

1 5.31 104 1.56 0.16 0.09 0.70

3 5.28 90 4.72 1.13 0.48 8.57

5 5.27 70 21.79 8.4 2.02 73.68

Figures 2a and 2b illustrate the effective charge transfer channeling and interfacial energy barrier
scattering induced in the interlaced architecture of Cul/TisC2 composite. According to energy
scattering theory, energy-dependent charge carrier scattering or channeling occurs at the interface
barrier of secondary phase nanoinclusions allowing only the charges with higher energy only can
penetrate through the interface. The level of the energy barrier depends on the choice of the
nanoinclusion, which significantly influences the electrical and Seebeck coefficient of the host
matrix. Figure 2b shows the energy barrier difference between Cul and TisC2 band alignments,
causing strong phonon scattering decreasing thermal conductivity!*327], Figure 2¢ shows the band
structure plot for y-Cul having a direct bandgap of 1.9 eV. The thermoelectric potential of a
material principally depends on its electronic band structure located near the valence band edge.
The bands at the valence band edge correspond to the effective mass, which determines the
Seebeck coefficient of the material®%. The presence of less dispersive bands at the valence band

edge of Cul demonstrates lower effective mass and electrical conductivity. Hence, altering the Cul



matrix's effective mass with conductive nanoinclusions will significantly produce large power

factor in the composite.

Figure 2d shows the overlapping view of the electronic density of states of the Cul and TisC2where
it is seen that the states of TisC: fill the bandgap edges of the Cul. The strong conductive nature
of the TisC: electronic band structure promotes instant charge transfer channeling between the
interfaces leading to an increase in electrical conductivity. Moreover, the associated phonon
energy with the phonons is scattered during the band transition in the matrix via the energy barrier
scattering, thereby achieving low thermal conductivity in the Cul/TisC2 composite. With this
theoretical understanding, thermoelectric properties in the TisC2 interlaced Cul matrix were
examined, as shown in figure 3. Hot-pressed Cul nanoflakes morphology demonstrates massive
thermopower when compared to the previously reported Cul nanoparticles. At room temperature,
the thermopower (S) for the pristine Cul nanoflakes sample demonstrates 250 uV/K and with a
maximum of 760 pV/K in the mid-range at 425 K. This large thermopower in Cul arise from the

dominant donor type defects, which are compensated by the hole density*2.
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Figure 2 (a) and (b) illustrates the effect of interlaced architecture for energy barrier scattering and the
work function difference between Cul and TisC, respectively. (c) Electronic band structure of Cul matrix

by DFT-VASP calculations (d) Overlapped view of electronic density of states for the Cul and Ti;Ca.

For the TisCz interlaced Cul samples, thermopower decreases with an increase in the nanoinclusion
percentage; however, they demonstrate a steady level throughout the temperature range. A
minimum value of 233 pV/K is recorded for Cul with 5 vol.% TisC: at 550 K, this level of high

thermopower efficiently balances the lower electrical conductivity for realizing high power factor



values. The observed decrease in the Seebeck coefficient is harmonized by the increasing
scattering parameter in Cul/TisC2 composite, which principally is attributed to the energy barrier
scattering. Naturally, the pristine Cul nanoparticles depict an electrical conductivity () of 102
S/lcm, whereas the Cul nanoflakes show improved electrical performance. High-quality TisC2
MXene defined layered architecture possesses electrical conductivity of 10* S/cm, which, when
interlaced within the Cul nanoflakes will uplift the electrical conductivity of the host matrix[*7-3l,
This phenomenon was observed in the temperature-dependent electrical conductivity
measurement of the Cul/TisC2 composite. The equivalent work function facilitates hole injection

from the Cul and TisC2 matrix, which raises the composite's electrical conductivity.
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Figure 3 Temperature-dependent thermoelectric properties of Cul/TisC, (a) Seebeck Coefficient (b)

electrical conductivity (c) Power Factor and (d) Thermal conductivity with respect to the TisC;

nanoinclusion vol. % respectively.



As shown in figure 3b, the electrical conductivity value rises considerably with the inclusion % of
Ti3C2. A maximum o of 42 S/cm was demonstrated for 5 vol% TisCz2, which significantly promotes
the rise in their corresponding power factor. Thus, via TisCz nanoinclusion and the interlaced
architecture of Cul/TisC2 composite, we achieved a two-order rise in the electrical conductivity,
making Cul undoubtedly a potential thermoelectric material for real-time heat energy conversion
applications***, Ti3C> nanoinclusion balanced S and ¢ demonstrates over four-fold increase in
the power factor from 55 pW/mK?2 in pristine to 225 pW/mK? in 5 vol.% TisC2 at 550 K. This
massive rise in the power factor of the Cul/TisC2 composite solely attributed to the interlacing
morphology and densification process utilized in our experiment. This level of massive power
factor makes Cul a suitable candidate to replace the performance of commercial Bi2Tes both
economically and ecofriendly aspects. Synergistically, the 2D layered nanoinclusion in the host
Cul matrix also contributed to the scattering of phonon transport via the energy barrier scattering.
During the charge carrier transfer between the Cul and TisCz happens the mid and high-frequency
phonons are effectively scattered in the matrix. This effect is physically observed from the
temperature-dependent thermal conductivity shown in figure 3d. With low vol.% of TisCz, the
thermal conductivity increases owing to the electronic contribution part of thermal conductivity,
whereas for the concentration of 5 vol.%, the thermal conductivity drastically falls in the lower
and mid-temperature range signifying the scattering of mid and high-frequency phonons by the
interlaced Cul/TisC2 composite®]. The repeatability of the thermoelectric performance were
tested multiple times and the deviations are less than 5%, which demonstrates the stability of the
material and measurements as shown in supporting information figure S2 with error bars. Detailed

study on thermal stability and specific heat capacity of the Cul/MXene composite are presented in



figure S3, where the thermal stability of the composites is enhanced with increasing ratio of MXene

nanoinclusion.

Predominantly to outline the mechanism involved in boosting the thermoelectric performance of
the nanoinclusion based Cul/TisC2 composite, the Pisarenko relation and carrier dynamics are
shown in Figures 4a and 4b. Seebeck coefficient for a degenerate semiconductor are given from

the single parabolic band approximation model as below:

8m?kgT | (m\?/3
= 3enz (%)
where S is the Seebeck coefficient, m* is the effective mass, e is the electron charge, h is plank
constant, p is the hole density, kgzis the Boltzmann constant and T is absolute temperature,
respectively. y-Cul has an effective mass of 0.30m, for light holes and 2.14m, for heavy holes,
which report low carrier density and mobility®®l. In our case, the increase in effective mass and
effective density of states causes the scattering of charge carriers with low energy which restrains
the drastic decrease in the Seebeck coefficient as shown in Table 1. This existence is observed
from the Pisarenko relation calculated from the above relation where the Seebeck and the carrier
density rise follows the single parabolic band model indicating increasing band curvature and mass.
Figure 4b shows the increasing carrier density with respect to increasing TisCz nanoinclusion vol.%
and decreased carrier mobility which is universally experienced in most nanoinclusion-based
experimental cases!*®l. However, in this experimental study, the 2D Cul nanoflakes and TisC:
layers interlacing structure provides significant enhancement carrier transport through the
heterojunction interface by hole injection process. Further to evidence the established superior
charge carrier transport between the Cul and TisC2 interface, we performed the impedance

spectroscopy analysis using electrochemical workstation on the hot-press densified Cul/TisCz



matrix. Figure 4c compares the impedance curves of the pristine Cul with the interlaced structure
of Cul/TisC2 composite. The charge transport in the matrix is enriched with the inclusion of TisC>

in the host Cul matrix by decreasing interface resistancel*l,

X 500 ‘E‘ ] &
>i [ g8 1=
= 400 2, “E
s | x° 8
3 200 e 48
&) I L 2 =
x U
5100 2 ng
)
o] . N — L . T
T
$ 10" 10" 10° 10" 107 10” o 1 2 3 4 5
n Carrier density (cm™) TisC2 Volume (%)
1 ~ 0'5_'—0—y-CuI d 7
15 0.4 cumx1% ]
- L —@— Cul-Mx3%
- g 0.3F —@— Cul-Mx5% 1
w 0.2} .
{ %o
@ 0.1} .
{5
i.lt_:, 0.0} i
00 02_ 04 0.6 0.8 300 350 400 450 500 550
Z' (Ohm) Temperature (K)

Figure 4 (a) Pisarenko plot showing Seebeck coefficient versus carrier density at room temperature (b)
Carrier dynamics of Cul/TisC, composite showing the change in hole concentration and mobility (c)
Change in Impedance curves for the Cul/TisC, composite samples (d) Temperature-dependent figure of

merit values for different vol.% of Cul/TisC, composite samples.

As a result of the intertwined carrier transport and filtered scattering of phonons causes a

consequential increase in the figure of merit of Cul/TisC2 composite. Figure 4d demonstrates the



progressive rise of the figure of merit with TisCz inclusions. Though the pristine Cul exhibits poor
electrical and high thermal conductivity, the intrinsic massive thermopower consistency over the
temperature range supports in demonstrating a figure of merit of 0.11 at 550 K. For the samples
with rising TisCz vol.%, the figure of merit benefits to shooting owing to their corresponding rise
in electrical conductivity. A maximum figure of merit of 0.48 is commendably recorded for 5 vol.%
Ti3C2 nanoinclusion in the Cul matrix. This proves that the capacity of Cul to be a potential
thermoelectric material with an effective structure and interfacial engineering for the depiction of
an advanced charge transfer path in the material. For samples over 5 vol.% of TisCz, the sample
demonstrates a strong tendency of agglomeration, which is common in the ultrathin structure of

2D materials beyond certain the domination of metallic nature in the samples.

In conclusion, we established a facile, straightforward method for the controlled synthesis of Cul
nanoflakes. Layered structures of TisC2 MXene are interlaced with Cul nanoflakes as
nanoinclusions in different vol.% for superior charge carrier transport. We demonstrate the band
alignment and modifications in the total density of states through our detailed theoretical
calculations. The interlaced design of the matrix exclusively supports enabling interfacial energy
barrier scattering of mid and high-frequency phonons, thereby achieving low thermal conductivity.
This strategic approach allows tuning of thermoelectric figures of merit for meeting the application
requirements. Overall, this demonstration of engineering figure of merit in easily processable
earth-abundant thermoelectric materials can lead to future eco-friendly energy sources. Though
many natural intergrowth structures exist with ultralow lattice thermal conductivity, their
unfavorable charge transport properties cause by weak interlayer bonding degrades the power

factor of the material. As layered interfaces are well explored for strong phonon scattering process,



these novel class layered materials should be further explored with interlacing hierarchy for

efficient thermoelectric power conversion process.
Experimental Section

2D Copper lodide nanoflakes are synthesized by solution process using Copper powder
(Goodfellow, 99.99%) and lodine pellets (Fluka, 99.99%). 1 M iodine solution was prepared using
ethanol where the copper powder is mixed and stirred continuously for 5 hours at 80°C. The
resultant product in the solution is collected then washed in ethanol and dried in a vacuum. For
the process of TisC:z interlacing or nanoinclusion, the dried Cul powder is dispersed in ethanol
with specific vol.% of TisC2 MXene and ultra-sonicated using probe sonication (Scientz-iid
ultrasonic homogenizer). The dried interlaced Cul/TisC2 composite is hot pressing at 550 K under
50 MPa for the high densification process. The density of the pellets is measure by the Archimedes
method where it retains 98% of the theoretical density of Cul. The Raman spectra are recorded
using an excitation cobalt DPL laser wavelength of 532 nm in WITec RAMAN alpha 300R
equipment to understand the phase formations using molecular bonding-related vibrational
intensities and carbon G-band regional Raman mapping. The carrier concentration and carrier
mobility are calculated using the HMS-3000 Hall measurement system using the van-der-paaw
method. The Seebeck coefficient and electrical conductivity are measured by standard four-probe
direct current measurement using Netzsch SBA 458 Nemesis and the thermal conductivity is
measured by a light flash method using Netzsch LFA 468 in the temperature range between 300-
550 K. Thermal properties like thermal stability, heat flow was measured using Simultaneous
Thermal Analyzer (STA) of model PerkinElmer STA6000 up to 1000K. Impedance analyses were
performed using the CHI instruments in the frequency range of 107 -10? Hz. Theoretical

calculation for the electronic band structure and density of states were performed using the density



functional theory with the help of Vienna ab initio simulation package(VASP). Before the
calculation of band structure and density of states the crystal structure of Cul and TisC: are
completely relaxed with conjugated-gradient algorithm. Monkhorst-Pack k-point of 6 x 6 x 6 with

energy cut-off 400 eV were used.
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Supporting Information

Hierarchically Interlaced 2D Copper lodide/MXene Composite for High
Thermoelectric Performance

Vaithinathan Karthikeyan, Vaskuri C. S. Theja, Maria Merlyne De Souza, Roy Vellaisamy*

Cul-MX5% [ 72

.

Figure S1 (a) SEM Image-Secondary electron (Inset: Pristine Nano flakes of Cul) (b) SEM Image-
Back scattered electron (c), (d), (e) elemental mapping (f) EDAX elemental composition of Cul/5%
Mxene composite respectively.
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Figure S2 Repeatability of thermoelectric properties in Cul/MXene with error bars
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Figure S3 (a) TGA curve (b) Heat flow (c) specific heat and (d) thermal conductivity of the
Cul/Mxene composite



