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A decoupling strategy to optimize power density
in flexible thermoelectric devices using a ZIF-67
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Enhancing the power density of flexible thermoelectric generators for wearable applications is always a
challenge. Inclusion of porous material in the active material is one of the attractive strategies deployed
to this end. Porosity of a material tunes the thermal conductivity and charge carrier mobility, resulting
in enhanced power density. Zeolitic imidazolate framework-67 (ZIF-67) is widely studied for developing
gas storage, separation, electrochemical energy storage, sensors, drug delivery systems, membranes,
thermal insulations, and triboelectric nanogenerators due to its high thermal and chemical stability, large
surface area, and tunable porosity. However, its application for thermoelectric generators has not been
explored much. In this work, novel hybrid thermoelectric inks were formulated by integrating zeolitic
imidazolate framework-67 (ZIF-67) into a conductive polypyrrole matrix, aiming to fabricate high-
performing flexible thermoelectric generators using the screen-printing technique for low-temperature

Received 28th July 2025, applications. The optimized 5% ZIF-67 ink-based flexible thermoelectric generator, in comparison with

Accepted 17th November 2025 the pristine polypyrrole-based device, exhibits 328.6% higher power density. Additionally, a 5% ZIF-67-
DOI: 10.1039/d5ma00819k MnO, based p-n type FTEG exhibited a Seebeck coefficient of 171.6 uV K™* and a power output of

26 nW. These results demonstrate the potential of ZIF-67-polypyrrole hybrid inks for eco-friendly,
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1. Introduction

Enormous amounts of waste heat are liberated from industrial
processes, transportation, and electronic devices, resulting in
huge amounts of untapped energy. Thermoelectric generators
(TEGs) are solid-state devices that convert this waste heat
directly into electricity through the phenomenon of the Seebeck
effect.” Their compact design, lack of moving parts, silent
operation, and low maintenance make them especially attrac-
tive for applications ranging from automotive exhaust systems
to wearable electronics and renewable energy systems.”

From a materials science perspective, conductors, semicon-
ductors, and insulators exhibit distinct behaviours concerning
thermoelectric performance. Conductors such as copper and
silver possess high electrical conductivity but suffer from low
Seebeck coefficients. Semiconductors, on the other hand, offer
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flexible energy harvesting applications.

a more favourable balance. With moderate electrical conduc-
tivity and Seebeck coefficients often reaching several hundred
uV K. Insulators like MOFs® are characterized by a large band
gap, resulting in negligible electrical conductivity due to the
absence of free charge carriers. Consequently, when combined
with polymers, they are effective in generating a thermoelectric
voltage and are suitable for thermoelectric applications.? This
technique allows precise control over material distribution and
can integrate multiple functionalities into a single device. Even
though conventional TEGs are explored widely due to their
exceptional conductivity, wide temperature range, and remark-
able thermoelectric performance,™® they lag because of their
rigid structure, toxicity, and expensive fabrication techniques.

To overcome these limitations, flexible thermoelectric gen-
erators (FTEGs) have emerged. Because of their simple design,
versatility, and ability to bend, they have paved their way into
wearable electronics, self-powered sensors, Internet of Things
(IoT) devices,” and cardiac pacemakers.®>® Although printed
TE devices often exhibit lower power output than bulk or 3D
materials,'® they offer advantages such as low-cost mass pro-
duction, mechanical flexibility, and environmental friendliness.
Thermoelectric (TE) performance strongly depends on three key
parameters: the Seebeck coefficient, electrical conductivity, and
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thermal conductivity, which together determine the material’s
figure of merit (Z7). Recent advances in two-dimensional (2D)
materials have enabled better control of charge and heat trans-
port at the nanoscale, enhancing TE efficiency.' Enhancing
thermoelectric performance involves several strategies, including
choosing suitable materials, optimizing surface area (porosity),
alloying, doping, utilizing composite and hybrid materials, operat-
ing temperature optimization, annealing, and using binders.
Porosity increases surface area, enabling more effective phonon
scattering and reducing thermal conductivity, which directly
improves the thermoelectric figure of merit. Recent develop-
ments show that incorporating designed porosity, particularly
through structures organized at different scales or with tunable
pore architectures, can improve both flexibility and thermo-
electric efficiency. This shift from rigid bulk materials to
flexible thin film architectures is key to advancing the develop-
ment of lightweight, wearable TEG devices.">"’

In this context, metal-organic frameworks (MOFs) offer a
promising solution. MOFs are porous, crystal-like materials
with large surface areas, adjustable structures, low thermal
conductivity, and customizable electrical properties."*"> Even
though MOFs have been rarely used in FTEGs because of their
insulating properties, they show exceptional improvements
in their charge carrier transport, electrical conductance, and
thermoelectric performance when doped with guest mole-
cules like polymers and carbon materials."®'” For example,
Ebrahim et al. synthesized a composite of Zr-MOF/polyaniline
for thermoelectric applications. The composite achieved the
highest ZT value of 0.015 and a lower thermal conductivity of
0.24 W m™* K .' Xu et al. studied the photosynthetically
modified PANI/MOF, which showed a Seebeck coefficient of
66.6 IV K. The author also concluded that doping PANI improved
the electronic conductivity and stability.'® Lin et al. synthesized an
MOF/carbon nanotube-based p-n type thermoelectric hybrid, com-
paring the effect of the variation of MOFs (MIL-68 and MIL-53) on
carbon films. The films showed a lower thermal conductivity of
018 Wm 'K 'and 1.3 W m "' K . The films also achieved the
highest figure of merit of 0.071 and 0.025. The 7 paired devices
exhibited a maximum power of 165.5 nW.*°

To address this gap, we propose a new approach by combining
zeolitic imidazolate framework-67 (ZIF-67), a cobalt-based MOF,
with PPy to create printable hybrid inks for flexible thermometric
devices. ZIF-67 was chosen for its high porosity, chemical stability,
and ability to enhance conductivity when mixed with polymers.
Considering these properties, ZIF-67 is found to have various
applications in fields such as IoT devices, sensors, energy storage,
and harvesting devices.>'* Yuan et al. (2021) showed that adding
PPy to ZIF-67 greatly improved its electrical conductivity.'®

This work presents a novel FTEG based on screen-printed
inks formulated from PPy doped with varying concentrations of
ZIF-67 through a cost-effective screen-printing technique.
Screen printing is appealing for flexible device fabrication,
offering simplicity, scalability, and compatibility with various
substrates, as demonstrated by previous studies on FTEGs."”**
Moreover, using environmentally benign solvents and binders
such as dimethylformamide (DMF) and cellulose acetate propionate
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(CAP) aligns the fabrication process with green chemistry
principles.>* Meanwhile, the use of ZIF-67 in energy harvesting
systems has also been validated in nanogenerators, where it
contributes to enhanced voltage and current output due to its high
dielectric constant and triboelectric behavior.”® The novelty of this
work lies in the innovative integration of ZIF-67 with PPy to develop
printable hybrid inks for flexible thermoelectric energy harvesting.

1.1 Materials and methods

In this study, pyrrole (99% purity) was procured from Spectro-
chem, and sodium lauryl sulphate (SLS, C;,H,5sNaSO,, 97%
purity), ferric chloride hexahydrate (FeCl;-6H,O, 97% purity),
cobalt(u) nitrate hexahydrate (Co(NOs),-6H,0, 97% purity),
2-methylimidazole (C,H¢N,, 98% purity), methanol (99.9% pur-
ity), ethanol and diacetone alcohol (DAA, 98% purity) were
purchased from LOBA Chemie Pvt. Ltd. Cellulose acetate propio-
nate (CAP, 99% purity) and N, N-dimethyl formamide (DMF, 99%
purity) were purchased from Sigma-Aldrich. All chemicals were
used as received, without further purification. A transparent,
flexible polyethylene terephthalate (PET) film with a thickness of
0.100 mm was used as the substrate. Screen printing silver ink
(Loctite ECI 1010 E&C), was obtained from Henkel, India.

1.2 Synthesis of zeolitic imidazolate framework-67

ZIF-67, as shown in Fig. 1, was synthesized using a chemical
synthesis approach reported elsewhere, in which 1.43 g of
(Co(NO3),-6H,0) was dissolved in 50 mL of methanol, and
3.24 g of C4HeN, was separately dissolved in another 50 mL of
methanol.”* The two solutions were combined and stirred in a
magnetic stirrer for 30 minutes to ensure thorough mixing. The
resulting mixture was left undisturbed for 24 hours (h) to facilitate
the formation of the complex. Subsequently, the methanol and
solid products were separated by centrifugation. The obtained
purple solid product was then dried at 60 °C for 6 h.

1.3 Synthesis of polypyrrole

PPy was synthesized using a chemical synthesis method, in
which a suspension of 0.33 g of pyrrole in 50 mL of deionized
(DI) water was prepared. This suspension was stirred in a
magnetic stirrer for 10 min at room temperature, and 0.32 g
of SLS was dissolved separately in 50 mL of DI water. The two
solutions were then mixed and stirred in a magnetic stirrer for
30 minutes at room temperature. Afterwards, a solution of
1.35 g of FeCl;-6H,0 in 50 mL of distilled water was added
dropwise to the above mixture. The solution was stirred for 5 h
after the addition of FeCl;-6H,0. The solution was then sub-
jected to vacuum filtration, rinsed with DI water and ethanol
several times, and dried at 60 °C for 6 h.

1.4 Synthesis of ZIF-67 doped polypyrrole composites

Fig. 2 represents the synthesis route for ZIF-67 doped PPy com-
posites, which were prepared using the chemical synthesis method.
A suspension of 0.33 g of pyrrole in 50 mL of DI water was prepared
and stirred in a magnetic stirrer for 10 min at room temperature.
Later, 0.32 g of SLS was dissolved separately in 50 mL of DI water.
Then, the two solutions were mixed and stirred in a magnetic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the synthesis of ZIF-67 via a solvothermal method.
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Fig. 2 Synthetic route of the ZIF-67/PPy composites showing in situ polymerization of pyrrole on ZIF-67 surfaces to form conductive hybrids.

Table 1 Composition of the PPy:ZIF-67 composites

Table 2 ZIF-67/PPy ink compositions

Composite name ZIF-67 (Wt%) Polypyrrole (wt%)  Ink name ZIF-67/PPy (g) Ink vehicle (g)
PPy 0 100 PI 0.11 1.24
ZP2.5 2.5 97.5 ZPI-2.5 0.11 0.99
7P5 5.0 95.0 ZPI-5 0.11 0.99
ZP10 10.0 90.0 ZPI-10 0.11 0.99

stirrer for 30 minutes at room temperature. To this mixture, 0.02 g
of ZIF-67 (cobalt 2-methylimidazole) was added, and the mixture
was stirred for an additional 1 h. The mixture was then placed in
an ice bath, and a solution of 1.35 g of FeCl;-6H,0, which was
dissolved in 50 mL of DI water, was slowly added as an oxidant.
The resulting mixture was stirred for 5 h, leading to the formation
of a black precipitate. The composite solution was filtered using
vacuum filtration, washed with DI water and ethanol several times,
and dried at 80 °C for 8 h. Similarly, other composites of PPy:
ZIF-67 were prepared with varying concentrations of PPy and ZIF-
67 as presented in Table 1.

1.5 Formulation of inks and fabrication of FTEGs

To formulate the ink, the synthesized materials were finely ground,
sieved, and mixed with a suitable binder consisting of 80% DMF
and 20% CAP. The composition of the prepared ZIF-67/PPy inks
is depicted in Table 2. The stencil for screen printing was prepared
by coating a screen mesh with a photosensitive emulsion, which
was then exposed to UV light through a patterned mask to create

© 2025 The Author(s). Published by the Royal Society of Chemistry

the desired design. To fabricate the FTEGs, the prepared inks were
applied to the screen and transferred onto a PET substrate by
pressing it through the mesh using a squeegee, forming a uniform
and conducting layer as shown in Fig. 3.

1.6 Characterization of the materials and FTEGs

X-ray diffraction (XRD) analysis of the synthesized materials
was performed using a Rigaku Mini flex 600 (5th generation)
with a scanning rate of 2° min~' and a scanning range of
0°-80°. A ZEISS EVO MA18 system, equipped with an Oxford
instruments X-act energy dispersive X-ray spectroscopy (EDS)
detector, was used to investigate the surface morphology of the
samples and the screen-printed flexible thermoelectric genera-
tors (FTEGs). The particle size of ZIF-67 was subsequently
analyzed using Image] software. The chemical composition of
the composite was analyzed using a Thermosphere Nexsa XPS
instrument, with an Al Ko source. The UV analysis was carried
out using a PerkinElmer UV Winlab spectrometer. FTIR spectra
of all the samples were analyzed using the Jasco FTIR

Mater. Adv.
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Fig. 3 Formulation process of the ZIF-67/PPy-based ink and fabrication steps for the flexible thermoelectric generator (FTEG) device.

spectrometer. The surface area of the synthesized ZIF-67 and
composite materials was determined using a BelsorpminiX.
A Brookfield digital viscometer with Spindle S-18 and Ossila
goniometer was employed to analyse the rheological properties,
such as viscosity and the contact angle of the prepared inks.
A square-shaped printed ink film sample of 10 mmx10 mm
size was used to study the Hall effect using the Hall effect
3706-A switch. To evaluate the thermoelectric performance
of the FTEGs, the hot side was clamped between two copper
plates and heated using a digitally controlled hot plate,
by varying the temperature of the hot end of the FTEG from
room temperature to 135 °C, the cold side was maintained at
ambient temperature, as illustrated in Fig. 4. The temperatures
on both sides were monitored using a K-type electronic
thermocouple (Lutron TM-902C). The thermoelectric voltage
generated across the FTEG was measured using a precision
Keithley 2001 digital multimeter. The FTEGs were subjected to
external load resistances measured using a digital multimeter,
and were also tested for their flexibility by measuring the
resistance during different bending angles as reported
elsewhere.?®

2. Results and discussion
2.1 X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed to examine
the crystallographic structure, phase purity, and potential
structural modifications of the synthesized ZIF-67 and its

Electronic thermocouples

Keithley 2001 digital multimeter.

composites. This characterization is crucial for evaluating the
impact of the interaction between ZIF-67 and PPy on crystal-
linity and structural stability. Diffraction patterns were
spanned at a 260 range of 5° to 40° with a step size of 0.02.
Phase identification was carried out using the Crystallography
Open Database (COD) number 7247762. The XRD pattern of
pristine ZIF-67 shown in Fig. 5(a) exhibited distinct diffraction
peaks at 26 values of 7.3° 10.4°, 12.7°, 14.7°, 16.5°, and 18.0°,
which correspond to the (011), (002), (112), (022), (013) and
(222) crystallographic planes, respectively.””

These peaks confirm the high crystallinity and phase purity
of ZIF-67, consistent with its cubic crystal structure with space
group [43m. The lattice parameter calculated using Bragg’s law
was 17.1 A, closely matching the reported values of a= b =c¢ ~
16.9 A.>® Furthermore, the average crystallite size of pristine
ZIF-67, PPy and its composites (Table 3) was calculated using
the Debye-Scherrer equation,*® as shown in eqn (1), while
the average dislocation densities (6) and microstrain (&) were
calculated using eqn (2) and (3), respectively.

kA
- pcos (1)
5= @)
_ B
= Ztano 3)

Silver contact ink

Lnnnnns

ZPI-5

Fig. 4 Experimental setup used for thermoelectric characterization of FTEGs.
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Fig. 5 XRD spectra of (a) ZIF-67, (b) PPy, and (c) ZIF-67/PPy composites.

Table 3 Structural parameters of ZIF-67, PPy, and its composites

Crystallite Dislocation Microstrain (&)
Materials size ¢t (nm) density (0) 1073
ZIF-67 50.47 0.41 4.85
PPy 36.03 0.77 4.94
ZP2.5 36.51 0.75 4.86
ZP5 43.13 0.53 4.14
ZP10 46.14 0.46 3.86

where 1 - wavelength of X-ray, - full width half maxima
(FWHM), 0 - Bragg’s diffraction angle, and k - 0.94.

The PPy polymer exhibits a characteristic broad peak cen-
tered at 26 = 18°-30°, shown in Fig. 5(b). The highest intensity
peak at 21.04°, typically attributed to the (020) plane, reflects
the amorphousness of the polymer.*® This broad peak is due
to the short-range ordering of n—r stacking interactions between
the PPy chains, which shows that pyrrole was polymerized suc-
cessfully to PPy.*' The intensity of the broad peak is found to
increase with increasing concentration of ZIF-67, revealing the
incorporation of ZIF-67 into the polymer matrix."®

Table 3 depicts the changes in lattice parameters with
increasing ZIF-67 concentration. This variation confirms the
successful incorporation of ZIF-67 into the polymer network.
However, the inculcation of ZIF-67 has increased the crystallite
size, reducing its dislocation density and microstrain, indicat-
ing minimal lattice distortion. Also, an enhancement in the
crystallite size indicates good crystalline properties, making
them exhibit good thermoelectric properties,** like electrical
conductivity. And the decrease in microstrain may improve the
elastic properties in the doped sample.**

2.2 Scanning electron microscopy analysis

Fig. 6(a)—(c) shows the surface morphology and microstructural
evolution of ZIF-67, PPy, and their composites, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The images reveal distinct morphological characteristics, with
pristine ZIF-67 exhibiting a well-defined rhombic dodecahedral
shape. The average particle size of ZIF-67 was measured using
Image] software and was found to be around 417.5 nm with a
sigma of 66.89, as shown in Fig. 6(d), indicating high crystal-
linity. These well-faceted structures confirm the morphology of
ZIF-67.>* In contrast, pure PPy has a homogeneous granular
structure composed of interconnected spherical particles,
creating a continuous network, indicating its amorphous
nature.®® Upon polymerization with PPy, significant morpho-
logical transformations are observed. The previously sharp-
edged ZIF-67 particles become coated with a granular polymer
layer, leading to a roughened and porous structure.

The magnified images indicate that the polymerization
process results in the formation of a continuous and intercon-
nected polymer matrix covering the ZIF-67 particles. This
modification suggests strong interfacial interaction between
ZIF-67 and the PPy polymer.*® To complement the SEM analy-
sis, Energy Dispersive X-ray Spectroscopy (EDX) was performed
to confirm the elemental composition of the materials. The
EDX spectrum identifies characteristic peaks corresponding to
cobalt (Co) and nitrogen (N) from ZIF-67, along with carbon (C)
and nitrogen (N) originating from the PPy matrix.

The SEM analysis also confirms the successful synthesis of
the ZIF-67/PPy composite, which exhibits a significantly rough-
ened and porous morphology. The transformation of smooth
dodecahedral ZIF-67 particles to highly textured and polymer-
coated composites (Fig. 6(c)) indicates strong interfacial adhe-
sion and structural synergy between the two components.®’

2.3 Fourier transform infrared spectroscopy analysis

The Fourier transform infrared (FTIR) spectroscopy analysis of
ZIF-67, PPy, and their composites was conducted. Fig. 7 pro-
vides critical insights into the molecular interactions and
structural modifications within these materials. In the ZIF-67

Mater. Adv.
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Fig. 6 SEM images of (a) ZIF-67, (b) PPy, and (c) the ZIF-67/PPy composite showing surface morphology, and (d) particle size distribution

of ZIF-67.

spectrum, the peak at 2924 cm™* corresponds to the C-H

stretching vibration of the methyl imidazole group, while the
broad peak at 3441 cm ™' indicates O-H stretching. The peaks
at 1633 cm™ ' and 1417 cm ™' are attributed to C=N and C=C
stretching vibrations of the imidazole ring, respectively. The
Co-N vibration appears at 424 cm ™', and the peak at 990 cm ™"
is associated with plane bending vibrations.**™*°

Mater. Adv.

On the other hand, the structure of PPy is confirmed by the
presence of characteristic FTIR peaks. The peak at 1545 cm ™ *
corresponds to C—C stretching vibrations in the pyrrole ring,
while the broad band at 3436 cm ' is attributed to O-H
stretching. The peak at 2921 cm ™" arises from C-H stretching
vibrations. A band at 1309 cm ™" indicates C=N stretching, and
peaks at 1039 cm ™' and 908 cm ™" are associated with aromatic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ring bending. Additionally, the peak at 780 cm ™"
evidence of pyrrole polymerization.*'*?

Upon doping ZIF-67 into the PPy matrix, the FTIR spectra of
the ZP2.5, ZP5, and ZP10 composites show notable modifica-
tions, indicating successful integration. The broad OH stretch-
ing peak around 3441-3436 cm ' remains prominent, while
redshifts and intensity variations in C=C at 1545 cm ' and
C=N/C=C at 1633 and 1417 cm ' vibrations suggest strong
n-n stacking interactions and hydrogen bonding involving
ZIF-67. To gain quantitative insights into the molecular inter-
actions between ZIF-67 and PPy, the overlapping C—C and
C—=N stretching bands in the 1400-1620 cm ' region were
deconvoluted using Gaussian fitting, Fig. 7(b)—(e). The pristine
ZIF-67 exhibited a strong C=N stretching vibration centered
at approximately 1580 cm ™', while PPy showed a dominant
C=C stretching peak near 1545 cm ‘. Upon forming ZP
composites, these characteristic bands progressively red-
shifted to lower wavenumbers of ~1574 cm™' for C=N and
~1540 cm ™' for C=C, accompanied by noticeable changes in
peak area and full width at half maximum (FWHM). The
systematic redshift and band broadening indicate enhanced
n-n electron delocalization and interfacial coupling between
the imidazolate ring of ZIF-67 and the conjugated pyrrole
backbone. The magnitude of the shift increased with higher
PPy content, ZP2.5 to ZP5, confirming stronger electronic
interactions and improved charge transfer pathways within
the hybrid framework. Enhanced C=N stretching vibrations
at 1172 and 1035 cm ™', particularly in ZP5 and ZP10, indicate
increased electron delocalization within the composite.
Additionally, the appearance of Co-N vibration bands near
424 cm™" confirms the successful incorporation of ZIF-67 into
the polymer matrix.**

provides

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) FTIR spectra of ZIF-67, PPy, and its composites. FTIR deconvolution of (b) ZIF-67, (c) PPy, (d) ZP2.5, and (e) ZP5.

2.4 X-ray photoelectron spectroscopy analysis

Fig. 8(a)-(e) depicts the X-ray photoelectron spectroscopy (XPS)
survey spectrum, and Co 2p, N 1s, C 1s, and O 1s spectra,
respectively. XPS confirms the chemical composition and
valence states of elements in the as-synthesized ZP5. The broad
binding energy XPS survey spectrum (Fig. 8(a)) confirms the
existence of cobalt, nitrogen, oxygen, and carbon. The well-
defined cobalt 2p spectrum is deconvoluted into four peaks
corresponding to Co 2p;z, and Co 2p;, at 781.9 eV and
796.8 eV, respectively (Fig. 8(b)). Additionally, there are two
satellite peaks at 786.9 eV and 803.5 eV due to shake-up
excitations associated with strong 3d-2s electron-electron inter-
actions at higher binding energies. The main Co 2p;/, peak at
781.9 eV represents Co>" species in a Co-N coordination
environment, while the slight shoulder at higher binding
energy (~783-784 eV) indicates the presence of Co’", suggest-
ing a mixed-valence state of cobalt. Such coexistence of
Co*" and Co®" species implies partial surface oxidation and
enhanced metal-ligand interactions. This oxidation behavior
and mixed-valence cobalt configuration are known to improve
carrier density and facilitate charge transport, as observed in
ZIF-67-derived composites used in energy devices.”® The high-
resolution nitrogen 1s spectrum is distinguished into two
major peaks, one at 399.1 eV signifying the cobalt-nitrogen
bond and another peak at 400.18 attributed to the nitrogen
present in PPy (Fig. 8(c)).**"” The carbon 1s spectrum depicts
two distinct peaks, the high-intensity peak at 284.8 eV corre-
sponds to the sp® hybridised carbon atoms, and the peak at
slightly lower intensity around 285 eV relates to the quinone
structure of PPy and carbon-oxygen bonding (Fig. 8(d)). The O
1s spectrum in XPS is deconvoluted into three major peaks at
529.4 eV, 531.5 eV, and 532.7 eV, as shown in Fig. 8(e). The first
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lower intensity peak reveals the presence of the carbonyl oxygen
bond, the second high intensity quinone peak defines the
cobalt bonding with oxygen (Co-O), and the third peak corre-

sponds to the absorbed oxygen.

48,49

2.5 Brunauer-Emmett-Teller (BET) analysis

The nitrogen adsorption isotherms of ZIF-67 and ZP5 were
analyzed to investigate their surface characteristics and poros-
ity, as shown in Fig. 9(a) and (b). Both samples exhibit Type I
isotherms, which are indicative of microporous structures. The
BET surface area of ZIF-67 was 1919.5 m” g, with a total pore

volume of 0.6139 ecm?® g~

1

and an average pore diameter of

0.6396 nm, confirming its highly porous microporous nature.>
In contrast, after the incorporation of ZIF-67 into the PPy
matrix, a reduction in surface area and porosity was observed.
The BET surface area of ZP5 decreased to 39.057 m® g~ !, with a

Fig. 9
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corresponding pore volume of 0.0211 cm?® g™, and the average
pore diameter increased from 0.64 to 1.08 nm. The average pore
size was determined using the slit-pore model, which correlates
the total pore volume and BET surface area. This confirms that
the PPy coating blocks a portion of the intrinsic micropores,
generating a denser composite with reduced accessible poros-
ity. The change is due to the partial blocking of micropores by
the PPy network during composite formation.'® These results
confirm that the PPy incorporation leads to a denser structure,
in agreement with the morphological features observed in SEM.

2.6 Hall effect analysis

The Hall effect graphs shown in Fig. 10(a) and (b) present
insights into the electronic transport properties of four FTEGs,
PI, ZPI-2.5, ZPI-5, and ZPI-10, focusing on carrier concen-
tration, carrier mobility, and electrical conductivity. The p-

400' *—0—0—0—0—o0—0—o0—9 L 14
7,300 127
A A
ﬁ 10 ;
£200; g
: s
2100 ® 16 3

- ZIF-67 4
-~ ZP5 r
03 . . . .
0.0 0.1 0.2 0.3 0.4

Relative pressure (p/p,)

(a) BET type-I plot and (b) adsorption isotherm of the ZIF-67 and ZP5 composites.
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type behaviour of the materials was confirmed from the posi-
tive Ry values of the ink films. Fig. 10(a) provides the relation-
ship between carrier mobility and concentration for all
the ink films. In the PI ink film, the highest carrier mobility
(0.049 cm® V™' 57" is observed, which can be attributed to its
relatively ordered structure with fewer scattering sites; however,
its low carrier concentration (1.55 x 10"® cm™?) limits its overall
electrical performance. In ZPI-2.5, the carrier concentra-
tion increases (4.6 x 10'® cm™’). Still, mobility decreases
(0.034 ecm® V' s71), likely due to the introduction of dopants
or fillers that disrupt the polymer matrix, causing increased
scattering and lowering charge transport efficiency.”® This
trend continues in ZPI-5, which shows the highest carrier
concentration (6.1 x 10'® c¢m™®) but the lowest mobility
(0.031 em® V™' s7'). These results support the improvement
of the Seebeck coefficient and the power output of the FTEGs.>
In this work, carrier concentration is found to be directly
dependent on crystallite size.

This inverse relationship between carrier concentration
and mobility aligns with prior observations,> where increased
carrier density leads to enhanced carrier—carrier and carrier—
defect scattering, ultimately diminishing mobility despite
improved conductivity. However, ZPI-10 shows a partial recov-
ery in mobility (0.035 cm® V! s7') and a slight decrease in
carrier concentration (5.3 x 10'® ecm™?), indicating that struc-
tural modifications in ZPI-10 could have mitigated scattering
centers, thereby enhancing carrier mobility slightly, while con-
currently leading to a minor reduction in carrier concentration.

Fig. 10(b) shows that the carrier concentration varies linearly
with the electrical conductivity. Among the four ink films, ZPI-5
exhibited the highest conductivity (0.81 S m™") and carrier
concentration (6.1 x 10"® cm™?), reflecting an optimal structure
or doping level that maximizes both carrier generation and
transport. In the ZPI-5 ink film, the electrical conductivity
increased from 0.23 to 0.81 S m™*, and the carrier concen-
tration reached 0.65 x 10'® ecm™ from 1.55 x 10'® cm .
Beyond this, in the ZPI-10, electrical conductivity and carrier
concentration increase up to 0.24 S m™~ " and 5.4 x 10'® cm ™3,
respectively. The increase in conductivity and carrier concen-
tration suggests that the modification of PPy by additives or

© 2025 The Author(s). Published by the Royal Society of Chemistry

dopants has introduced more charge carriers and enhanced
charge transport pathways within the polymer matrix.

2.7 Transient thermal conductivity analysis

Fig. 11 represents the transient thermal conductivity of all four
FTEGs at varying temperatures calculated using the Weide-
mann-Franz equation shown in eqn (4).

K=LoT (4)
where L is the Lorentz number, ¢ is the electrical conductivity,
and T'is the absolute temperature. It exhibits a linear trend with
increasing temperature, suggesting heat transport mechanisms
within the materials. Among the four samples, PI exhibits
the lowest transient thermal conductivity value of 0.2 x
107> W m™" K" at 368 K. As the temperature rises further,
more continuous thermal conduction pathways may form,
leading to the observed increase in conductivity at higher
temperatures.>

High carrier concentration and low electron mobility can
lead to increased thermal conductivity. Consequently, ZPI-5
exhibits a similar trend, with consistently higher thermal
conductivity values of up to 0.6 x 10> W m ' K~ ', compared
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Fig. 11 Transient thermal conductivity of PPy and ZPI-based FTEGs.
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to the other FTEGs. This can be attributed to the pore blocking
and the resulting decrease in phonon scattering. In contrast,
ZPI-10 displays lower thermal conductivities across all tempera-
tures. The increased thermal conductivity of the screen-printed
films is due to PPy effectively filling or blocking the pores
within the ZIF-67 framework. The SEM, BET, and thermal
measurements reveal a clear correlation between morphology,
pore structure, and thermal transport of the materials. The
transition from a highly porous ZIF-67 framework to a PPy-
coated composite decreases pore scattering and improves
interfacial contact between the two phases. This structural
modification enables more effective phonon transport, leading
to increased thermal conductivity. Therefore, the combined
effects of reduced porosity, stronger interfacial bonding, and
rough surface morphology contribute to the enhanced thermal
transport and observed increase in thermal conductivity. This
may be related to the decrease in mobility and increase in
carrier concentration.>® Additionally, incorporating cellulose
acetate binder into the ZIF-67/PPy matrix promotes charge
carrier scattering and helps to reduce thermal conductivity.>*

2.8 Temperature-dependent voltage and resistance analysis

The thermoelectric behaviour of the ink-based samples was
evaluated by analysing their resistivity and voltage response as
a function of the temperature gradient (AT). The resistivity
graph in Fig. 12(a) shows that PI exhibits the highest resistivity
across the entire AT range, starting at 23.94 kQ and gradually
decreasing as the temperature increases. In contrast, the ZP
ink-based samples (ZPI-2.5, ZPI-5, and ZPI-10) exhibited signifi-
cantly lower resistivity values, while the resistivities of ZPI-5 and
ZP1-10 were the lowest, between 5 to 6 kQ. According to the
relation (¢ = 1/p), the FTEG with the highest electrical con-
ductivity exhibits the lowest resistivity. Declined resistivity
indicates an improvement in the thermoelectric performances
of the FTEGs due to the enhancement in the concentration of
the charge carriers and electrical conductivity.

Fig. 12(b) shows the increasing voltage output of the ink-based
samples with the applied temperature gradient (AT). This trend is

(a) -= PPy
o 25- - ZP25
=< - ZP5
] v ZP10
220
<
v
&
% 154
St
=
2104 =
St
-
(5]
! faz o T Y T
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Fig. 12 (a) Resistivity vs. AT and (b) AV vs. AT curves of ink-based FTEGs.
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consistent with the Seebeck effect, which describes the generation
of voltage due to a thermal gradient across a conductive material.

Among the tested samples, ZPI-5 reached the highest voltage
output of 1.7 mV at AT = 95 °C, while ZPI-2.5 reached the
lowest, showing a voltage output of 1.2 mV over the same range.
All the findings indicate that the ZPI-5 ink-based FTEG signifi-
cantly improves the thermoelectric performance by simulta-
neously reducing resistivity and enhancing the Seebeck voltage
generation.

2.9 Thermoelectric analysis

The thermoelectric performances of the FTEGs were evaluated
based on their Seebeck coefficient (S) along with their power
output (PO), power factor (PF), and power density (P4q) with
respect to the temperature gradient as depicted in Fig. 13. The
Seebeck coefficient is calculated using eqn (5). All ink-based
FTEGs showed linear plots, indicating p-type behaviour with
positive thermopower.

AV

S_ﬁ (5)

where AV and AT are the voltage and temperature differences,
respectively.

Among the various compositions, the ZPI-5 sample exhib-
ited the highest Seebeck coefficient of 16.17 uV K™, surpassing
that of PI, which is 13.87 pv K. This enhancement can be
attributed to the reduction in the electrical resistivity with no
hindrance in the charge transport.’® However, when the filler
content exceeds the optimal level as observed in ZPI-10, the
Seebeck coefficient decreases back to 13.63 uv K *. This decline
is due to an excessive reduction in efficiency in charge carrier
transport and low voltage at all AT (Fig. 12(b)).

Fig. 13(b) provides the power output of the fabricated FTEGs
at different temperature gradients AT. FTEGs with higher
Seebeck coefficients exhibit greater power output. The power
output (P) is calculated using eqn (6):

V2
R

P (6)

()

Voltage (mV)

80 100
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Fig. 13 Comparison of (a) Seebeck coefficient, (b) power output, (c) power factor and (d) power density of ink-based FTEGs.

where V is the voltage applied and R is the resistance in ohms.
PI exhibits a reduced power output of 0.09 nW, which conse-
quently lowers both its power factor and power density.
A maximum power output of 0.42 nW was obtained for the
ZPI-5 ink-based FTEG because of its high Seebeck coefficient, as
shown in Fig. 13(a). Furthermore, a comparison of the FTEGs
clearly shows that the incorporation of ZIF-67 significantly
enhances the power output efficiency, demonstrating the
beneficial role of the filler in improving thermoelectric perfor-
mance. The power factor (PF), which reflects a material’s
thermoelectric efficiency, depends on both the Seebeck coeffi-
cient and electrical conductivity.’” It was calculated using
eqn (7)

PO

P factor = — 7
ower factor = ———-0 (7)

where PO is the maximum power output, 4 is the area of the
FTEG, and AT is the maximum temperature gradient.

The highest PF value of 0.20 nW m ™" K > was recorded for
ZPI-5 (containing 5 wt% ZIF-67) at a temperature gradient of
95 °C. In contrast, the PF values calculated for PI, ZPI-2.5, and
ZPI-10 were 0.045, 0.052, and 0.045 nW m™~ ' K2, as shown in
Fig. 13(c), respectively. These results highlight that the power
factor of ZPI-5 FTEG is 5.33 times higher than that of PPy.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The power density (P4) of the FTEGs was calculated using
eqn (8)

PO
T NxA (8)

Py

where PO is the maximum power output in nW, N is the
number of TE legs of the FTEG, and A is the cross-sectional
area of the TE legs in m”. Since the power density depends on
the power output, the power density of 0.24 mW m > was
obtained for ZPI-5, which is 328.6% higher than the pristine
PPy-based device, as shown in Fig. 10(d). For PI, ZPI-2.5, and
ZPI-10, the density values were 0.056, 0.064, and 0.056 mW m™ >,
respectively, at a temperature gradient of 95 °C.

The ZPI-5 exhibited a clear decoupling of electrical and
thermal transport through the interplay of electrical conductiv-
ity (o), Seebeck coefficient (S), and transient thermal conduc-
tivity (x), as supported by its measured transport properties
(Fig. 10, 11 and 13). The ZPI-5 ink based FTEG shows an
electrical conductivity of 0.81 S m™* and a Seebeck coefficient
of 16.17 pV K, resulting in a power factor of 0.21 nW m ™" K>
and power output of 0.42 nW. Using the Wiedemann Franz
relation, the electronic thermal conductivity is estimated to be
6 x 107°* W m~"' K ', which is negligible compared to the total
thermal conductivity of approximately 0.20 W m~" K.
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Although the lattice thermal conductivity could not be directly
measured due to limited experimental facilities, it can reason-
ably be inferred to be low. As previously reported by Sunmi
Shin,”® the incorporation of the binder through the screen
printing method effectively reduces the lattice thermal conduc-
tivity by generating defect sites that serve as phonon-scattering
centers, thereby suppressing lattice heat transport. Similarly,
we assume that in the ZPI-5 composite based FTEG, the bio-
based binder partially decomposes during the printing and
drying processes along with the solvent evaporation, leaving
behind nanoscale voids (Fig. 15) and defect structures that
hinder phonon propagation while maintaining efficient charge
transport through interconnected PPy domains. Consequently,
the minimal increase in thermal conductivity relative to elec-
trical conductivity confirms an effective decoupling of electrical
and thermal transport.

Due to the better power output performance of the ZPI-5 ink-
based FTEG, it was taken for analysis through its voltage-
current (V-I) characteristics and power output response. The
V-I curves recorded from 25 °C to 85 °C show linear relation-
ships, indicating stable internal resistance across the operating
range. At 85 °C, the open-circuit voltages reach nearly 1.0 mV
compared to 0.25 mV at 25 °C, demonstrating that a higher
temperature gradient enhances voltage generation. Further
performance evaluation was conducted under different load
resistances (0 to 15 kQ). As illustrated in Fig. 14(a) and (b), the
voltage and power outputs were measured at five different
temperature gradients (AT = 25, 30, 50, 65, and 85 °C). The
results show that both voltage and power output increased with
AT, while the internal current gradually decreased. In line
with the maximum power transfer principle, the highest power
output was achieved when the external load resistance matched
the internal resistance of the flexible thermoelectric gene-
rator.”® Maximum power values for each temperature gradient
were calculated using eqn (9).*?

V2
Pmax = m (9)
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where Py, is the maximum power output (W), V; is the output
voltage (V) across the load, and Ry, is the load resistance ().

2.10 SEM analysis of FTEGs

Fig. 15(a) and (b) illustrate the surface area and cross-sectional
morphologies of the screen-printed PI and ZPI-5. The PI sample
exhibits a rough, granular texture with densely packed parti-
cles, indicating PPy agglomeration. The ZPI-5 structure exhibits
irregular morphology with reduced porosity, characterized by
surface roughness and a large, interconnected framework of
densely packed particles. Repeated overprinting of crystalline
particles results in a reduction in the sample’s porosity. Cross-
sectional images shown in Fig. 15(c) and (d) further substanti-
ate the observed differences. The thickness of the PI film ranges
from 29 to 35 um, whereas the ZPI-5 film exhibits a thickness
between 35 and 41 um, characterized by a more heterogeneous,
multilayered architecture.

2.11 Rheological analysis of the ink

The viscosity behavior of the ink was studied for two different
temperatures (25 and 45 °C) as shown in Fig. 16(a) and (b).
The viscosity plot demonstrates a shear-thinning behavior,
i.e., viscosity decreases as shear rate increases, as shown in
Fig. 16(a). This behavior is typical for non-Newtonian fluids,
especially conductive polymer-based inks used for screen-
printing.

At 25 °C, the ink exhibits its highest viscosity, nearly 7000 cP
at low shear rates, indicating a strong internal network that
resists flow. As the temperature increases to 45 °C, viscosity
decreases significantly, suggesting improved flow properties.
This reduction in viscosity is crucial for achieving uniform and
consistent printing.®® The reduction in viscosity with increasing
temperature is attributed to weakened intermolecular inter-
actions within the ink formulation, which enhances its spread-
ability during printing. At 45 °C, the ink maintains a
stable rheological profile, demonstrating suitability for
screen-printing processes. These results indicate that elevated
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Fig. 14 Comparison of (a) current—voltage and (b) power output vs. load resistance of the ZPI-5 ink-based FTEG.
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Fig. 15 SEM images of (a) PI, (b) cross-section of Pl-based FTEG, (c) ZPI-5, and (d) cross-section of ZPI-5-based FTEG.
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Fig. 16 Rheological behaviour of the ZPI-5 ink: (a) viscosity vs. shear rate, (b) shear stress vs. shear rate, (c) contact angle vs. frame count and (d) contact

angle with different frame counts.

temperatures improve ink processability, making it more adap-
table for the fabrication of flexible thermoelectric generators.®*

The rheological behaviour of ZPI-5 ink, as depicted in the
shear stress versus shear rate graph in Fig. 16(b), demonstrates
a distinct temperature-dependent viscosity profile characteris-
tic of non-Newtonian fluids. Across the tested temperature
range, the shear stress increases with shear rate, indicating
shear thinning behavior where viscosity decreases as shear rate
increases. Notably, the shear stress is highest at 25 °C and
decreases progressively with rising temperatures. At 25 °C, the
ink exhibits the highest resistance to flow, reaching a shear

© 2025 The Author(s). Published by the Royal Society of Chemistry

stress of over 2000 Pa at a shear rate of 700 s™'. In contrast, at
45 °C, the maximum shear stresses are significantly lower, with
values falling to around 1000 Pa. This trend highlights the
critical role of temperature in modulating the viscosity of ZPI-5
ink, likely due to weakened intermolecular interactions and
improved fluidity at elevated temperatures.®

Fig. 16(c) illustrates the variation in the contact angle of ZPI-
5 ink over a series of frame counts, reflecting temporal changes
or progression in the printing process, and Fig. 13(d) shows the
images of the contact angle with different frame counts. At the
initial frame count of 77, the contact angle is 42.5°, indicating a

Mater. Adv.
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relatively high wettability resistance. As the frame count
increases to 83, the contact angle drops significantly to around
39.3° and continues to decline to 36.2° at a frame count of 94.
This consistent downward trend demonstrates that the contact
angle of the ZPI-5 ink decreases with increasing frame counts,
suggesting that the ink is progressively spreading or wetting the
surface more effectively over time.** This behaviour might be
indicative of enhanced adhesion or spreading dynamics of the
ink as it interacts with the substrate. This suggests a favourable
interaction between the ink and the substrate, which ensures
consistency during the printing or coating process.®*

2.12 Optical and FTIR ink analysis

The energy band gap of the composites shown in Fig. 8 was
calculated from the reflectance obtained from the Tauc plot,
providing a comparative optical characterization of ZIF-67, PPy,
ZP5, PI, and ZPI-5. Among the samples, ZIF-67 shows a rela-
tively sharp absorption edge near 2.03 eV, signifying the widest
band gap among all the samples.®® In contrast, PPy, ZP5, ZPI-5,
and PI show earlier absorption edges, indicating narrower band
gaps. Since ZP5 is the optimized concentration exhibiting good
power factor and Seebeck coefficient (Fig. 13), it exhibits a steep
rise in absorption beginning near 1.4 eV, suggesting a direct
optical band gap of approximately 1.43 eV, as indicated on the
graph. After the addition of PPy, the band gap of ZIF-67 is found
to decrease, highlighting its improved conductivity.

In the PI and ZPI composites, as shown in Fig. 17(b), the
broad band at 3450 cm ™" corresponds to O-H stretching, while
the peaks around 2921-2924 cm ™' are attributed to C-H stretch-
ing vibrations. The vibrations at 1642, 1460-1467, and 1125 cm ™"
arise from overlapping C—=N stretching and imidazole rings with
PPy ring vibrations. The Co-N vibration found at 423 cm™"
confirms the successful incorporation of the cobalt-imidazole
framework into the PPy matrix. Additional skeletal vibrations of
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PPy are observed at 1031, 782, and 616 cm ™, showing slight shifts
that suggest structural interaction within the composite.®®

2.13 Thermoelectric analysis of p-n type devices

A p-n type FTEG was fabricated using ZPI-5 as the p-type and
MnO, as the n-type leg to analyse its performance. MnO,, a
promising n-type thermoelectric material®® showed a Seebeck
coefficient of 171.6 pv K™ at 368 K, as shown in Fig. 18(a),
which indicates a strong voltage generation in response to the
temperature gradient. This value suggests good compatibility
between the two materials for thermoelectric use.

A power output of 26 nW, a power factor of 12 nW m ™' K2,
and a power density of 14.8 mW m ™2 were exhibited by the p-n
type FTEG, at the temperature gradient of 95 °C, as shown in
Fig. 18(b)—(d). These results show that the ZPI-5-MnO, combi-
nation is effective in converting heat into electricity in a printed
format. In comparison with traditional materials like Bi,Tes,
CNTs, and SnTe, our FTEG exhibits a lower output.®”
we have approached and presented a method to improve the TE
properties by integrating ZIF-67 and PPy materials. The combi-
nation of these materials provides a good balance of Seebeck
coefficient and power output, making them suitable for low-
temperature thermoelectric applications. Table 4 depicts the
comparison of the thermoelectric performance of the ZIF-67/PPy
printed TEG with previously reported TEGs.

However,

2.14 Bending test analysis

Fig. 19(a) shows the bending analysis of the printed FTEGs based
on PI, ZPI-5, and ZPI-5 & MnO,, performed using a customized
setup.”® The variation in internal resistance of the FTEGs, con-
cerning demonstrated higher thermoelectric efficiency than the
other FTEGs, the bending angle of ZPI-5 was calculated. The
bending test shows that the resistance of all the FTEGs increases
linearly with the bending angle. The variation remains small, not
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Fig. 17 (a) Tauc plot and optical bandgap of the composites and inks. (b) FTIR spectra of the Pl and ZPI-5 ink composites.
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Table 4 Comparison of the thermoelectric performance of the ZIF-67/PPy printed TEG with previously reported TEGs

Materials Substrate Fabrication method Seebeck coefficient (W K™')  Power output (nW)  Ref. #
PPy-Ag nanoparticles BOPET Dip coating 12.0 0.03 68
Bi,Te;/GeTe Polyimide Physical vapour deposition 140 0.4 69
WS,/NbSe, PDMS Printing 75 and 14 0.63 70
PANI/graphite PET Screen printing 22.51 0.002 53
MWCNT/Fe,03 PET Screen printing 43.37 0.32 71
PANI/graphite/Bi,Te; composite PET Screen printing 39.14 0.58 72
Bi,Te;-Ga,Te; — Induction melting 158.72 — 73
Bi,Te; nanoplates/SWCNTs — Wet —37 — 74
Bi,Te; nanoplates/SWCNTSs (top)  Polyimide sheet Wet —131 — 75
Bi,Te; nanoplates/SWCNTs (bott) Polyimide sheet Wet —118 — 75
ZIF-67/PPy PET Screen printing (p-type) 16.17 0.42 “
ZIF-67/PPy/MnO, PET Screen printing (p-n type)  171.6 22.6 “

“ Present work.

exceeding 4% more than the original resistance. Even though PPy
has film forming properties, the ability of the polymer to deform
during bending and the use of an insulating binder is responsible
for increase in FTEG resistivity. However, the percentage
in resistance is less than for materials fabricated using film
casting’® and magnetron sputtering,”” indicating good mechanical
flexibility. Fig. 19(b) shows the bending cycle test, carried out up to

© 2025 The Author(s). Published by the Royal Society of Chemistry

1000 cycles, which showed that the resistance of all FTEGs
increased linearly with repeated bending, yet stayed within 5% of
the initial value. This outcome highlights strong mechanical
stability, confirming their suitability for use in wearable devices.
The ZPI-5 composite exhibits good mechanical flexibility
compared to PI and ZPI-5 & MnO,, further maintaining a nearly
constant low resistance throughout bending, demonstrating
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superior structural stability. The minimal change in resistance
of ZPI-5 suggests enhanced mechanical robustness due to the
incorporation of ZIF-67.

3. Conclusions

In this study, ZIF-67 was successfully incorporated into a PPy
matrix to fabricate a series of conductive composites for thermo-
electric applications. The dispersion of ZIF-67 within the PPy
framework introduces enhanced structural stability, improved
charge transport pathways, and optimized porosity, leading to
significant improvements in functional performance. Compre-
hensive characterization through XRD, SEM, XPS, FTIR, and UV-
vis spectroscopy confirmed the successful embedding of ZIF-67
within the PPy network and revealed synergistic interactions
between ZIF-67 and the conductive polymer matrix. ZPI-5 exhib-
ited the best balance between electrical conductivity, mechanical
integrity, and thermoelectric response among these compositions.
ZPI-5 FTEG exhibited 328.6% higher power density than the PPy-
based FTEG along with a Seebeck coefficient of 16.17 pv K™ * and
a power output of 0.42 nW m~ ' K~ at 95 °C. Additionally, a ZPI-5
& MnO, based p-n type FTEG exhibited a Seebeck coefficient
of 171.6 uv K, power output of 26 nW, and power factor of
12 nW m™? K ? at a temperature gradient of 95 °C. These results
underline the material’s potential for converting low-grade ther-
mal energy into electrical energy, particularly in wearable and
flexible electronics, where lightweight and adaptable materials are
essential. Overall, this study highlights the effectiveness of embed-
ding metal-organic frameworks like ZIF-67 into conductive poly-
mers, offering a versatile strategy to multifunctional materials for
next-generation energy and sensing technologies.
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