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Metal-Organic Frameworks (MOFs) are well explored candidates in numerous fields
such as gas storage, separation, sensing and more, however, most of them are
intrinsically insulating in nature, due to which they lag behind in the domain of energy
storage devices. Herein, we have assembled polypyrrole chains inside the
nanochannels of a Zr-based framework (UiO-66) leading to a million fold electrical
conductivity enhancement with a value of ~10-2 S/cm for UiO-66_PPy, at the minimal
cost of porosity loss. Notably, at the same time, thermal conductivity increment in the
nanocomposite is not huge, which is usually unavoidable where electrical conductivity
and thermal conductivity cooperatively reforms. The nanocomposite was then tested
for supercapacitor performance and revealed a value of 130mF/cm? at current density

of 0.2 mA/cm? with almost 100% retention of the value after 10k cycles.



1. Introduction

1.1 Metal-Organic Frameworks (MOFs)

Metal-Organic Frameworks (MOFs) are a class of functional materials composed of metal
ions/clusters connected by organic ligands via coordinate bonds (Figure 1).! Due to the
simultaneous presence of remarkable properties such as long-range structural order,
tunability, high surface area etc., these materials have gained immense attention in the
last two decades. An advantage MOFs have over other porous compounds like zeolites,
porous carbons etc. is their selective nature, arising from the host-guest interactions.? As
a result of these interactions, they are useful in applications such as gas storage and
separation, sensing, catalysis, drug delivery, proton conduction, magnetism etc.3
However, MOFs are not yet explored for their applications where electrical conductivity is
a primary requirement.* Indeed bringing them into the semiconducting and conducting
regime could make them applicable in energy storage devices, field effect transistors,

thermoelectrics, etc.

o

Metal node

Linker ‘

Guest

Metal-Organic Framework (MOF)

Figure 1: Schematic representing the formation of Metal-Organic Framework
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1.2 Conducting Polymers

Conducting Polymers are organic polymers which are able to conduct electricity (Figure
2). Alan J Heeger, Alan Mcdarmaid, and Hideki Shirakawa received the Nobel Prize in
2000 for their discovery and development of conducting polymers.>® They are
characterized by the abundant availability of raw materials, low cost of production, and
relatively nontoxic methods required for their synthesis. Conducting polymers, such as
Aniline, Pyrrole, Thiophene, etc. can be polymerized by use of external oxidizing agents
such as lodine, transition metal salts, ammonium persulfate, and various others. Upon
doping of these polymers, polaron and bipolaron bands appear which in turn reduce the
band gap, making them conducting in nature.” Apart from the electrical conductivity
aspect, they also have an interesting property showing lower values of thermal
conductivity. In fact, compared to the conventional inorganic materials such as BezTes,
SiGe etc. these polymers have thermal conductivity values lower than a factor of 10.
Along with electrical conductivity, thermal conductivity and in turn thermoelectric
properties of these polymers have been extensively studied. PEDOT-PSS, a well-known
conducting polymer exhibits a thermal conductivity value of 0.17 W/mK one of the lowest

values in this class of compounds.®

®9 ® Oxidant
© -
® o ©
o ° o
®
Monomers Conducting Polymers

Figure 2: Schematic representing the formation of Conducting Polymer
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1.3 MOF-Conducting Polymer nanocomposite

Unlike conducting polymers, MOFs are poor conductors of electricity. The reason for this
is their inability to transport charge, electrons in this case, very efficiently. This is attributed
to the presence of insulating organic linkers which make up the backbone of the
framework, as well as the poor orbital overlap between the d orbitals of the metal centre
and the s/p orbital of the ligands used.® In recent years, efforts have been successfully
made to turn these insulating materials into semiconducting ones by different strategies
such as intrinsic and extrinsic approach.'? In the former case, the conductivity of the MOF
can be modulated by changing either the metal or the ligand in the framework. As an
example, upon changing the metal from Ni to Cu in a Cu[Ni(Pdt)2] MOF (Pdt = 2,3-
pyrazinedithiol), the electrical conductivity is enhanced by a ~ 10* orders, going from
10 S/cm for Cu[Ni(Pdt)2] to 10* for Cu[Cu(Pdt)2].11*? In the latter case, this can be
achieved by introducing external guest molecules in the voids of the framework. In 2014,
Allendorf and coworkers demonstrated that the electrical conductivity in thin films of a
Cu3(BTC)2 (BTC- Benzene-1,3,5-tricarboxylic acid) commonly known as HKUST-1 could
be increased up to a value of 0.07 S/cm by doping of a redox active molecule TCNQ
(7,7,8,8- tetracyanoquinododimethane) inside the pores.'®* Recently, there have been
reports of the assembly of conducting polymers such as Polypyrrole (PPy),'* Polyaniline
(PANI),* Poly(3,4-ethylenedioxythiophene) (PEDOT),® Polythiophene (PTh)!’ etc. in the
nanopores of the MOFs in order to enhance the electrical conductivity. Polymerization of
the monomers in the confined nano-spaces of the framework leads to the formation of
monodispersed, long, single chain polymers (Figure 3). This approach has led to the
formation of MOF-conducting polymer nanocomposites which exhibit unusual physical
and chemical properties due to the host-guest interactions arising out of these
nanocomposites.'® Additionally, both the MOF and the conducting polymer exhibit low
values of thermal conductivity which could lead to their potential applications in

thermoelectrics.1®

However, a drawback of this approach is that the porosity of the MOF, which imparts
many of the vast properties to the material, is almost always lost.?° Retention of the porous

nature along with the additional enhancement of electrical conductivity would indeed be
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a plus point for these materials as the benefits of the porosity, enhanced electrical

conductivity, and low thermal conductivity can be effectively utilized.

With this in mind, we have, for the first time, synthesized a porous nanocomposite made
up of a chemically and thermally stable MOF, UiO-66 (Zr-BDC)?! as the host framework
and PPy as the conducting polymer. The nanocomposite retains its porous nature and
exhibits enhanced electrical conductivity and lower thermal conductivity values compared
to the parent MOF. To test the material for energy storage, we have fabricated a
supercapacitor device using the nanocomposite and it indeed shows promising values as

well as excellent capacity retention up to 10k cycles.

Metal-Organic
Framework Conducting
Polymer
Chain

Figure 3: Schematic representing of MOF-Conducting polymer nanocomposite

2. Materials and Methods

2.1 Chemicals

ZrCls, Benzene-1,4- Dicarboxylic Acid and Pyrrole were purchased from Sigma-Aldrich.
Ferric Chloride (FeCls) was purchased from CHEMLABS. N,N-Dimethylformamide (DMF)

was purchased from RANKEM. Methanol, Water, Acetone were used as solvents.

2.1.1 Synthesis of UiO-66

13



UiO-66 was synthesized according to a protocol reported in the literature (Scheme 1).%?
ZrCls (0.35 mmoles), H2BDC (0.35 mmoles) and 4 ml N,N-Dimethylformamide (DMF)
were sealed in a Teflon-lined autoclave and heated at 120 °C for ~24 h (Scheme 1). The
obtained white product was washed with DMF and MeOH and subjected to solvent

exchange by immersing it in MeOH for 7 days (MeOH was changed after every 12 h).

COOH

DMF

zr(V) + 120°C, 24 h>

COOH

Scheme 1: Synthesis of UiO-66

2.1.2 Synthesis of UiO-66_PPy

Desolvated UiO-66 was exposed to pyrrole monomers at room temperature under N2
atmosphere for ~48 h. The excess pyrrole was then removed by vacuum heating at 35°C
for ~1 h followed by addition of aqueous FeCls (Monomer to Oxidant ratio = 1:3.5). The
reaction mixture was then kept at <10 °C for ~48 h. The black powder obtained was

thoroughly washed with water and MeOH followed by drying at room temperature.

2.1.3 Synthesis of bulk PPy

An aqueous solution of FeCls (150 ml, 0.05 moles) was added dropwise to 1 ml pyrrole

with continuous stirring for ~24 h. The black precipitate obtained was thoroughly washed
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with water and MeOH followed by vacuum drying for ~6 h at 80 °C.

2.1.4 Activation of UiO-66

As-synthesized UiO-66 was activated at 130 °C for >6 h to remove the solvent guest

molecules from the pores before all the experiments.

2.2 Supercapacitor Assembly

2.2.1 Preparation of 10 wt % PVA-H2SO4 electrolyte

2 g of polyvinyl alcohol (PVA) was added to 20 mL of water and stirred at 80 °C until a
clear solution was obtained. This was then cooled to room temperature followed by the

additon of 2 g concentrated H2SOs4 and stirred for another 30 min.

2.2.2 Electrode fabrication of supercapacitor

~90% active material (UiO-66_PPy), ~5% conducting carbon and ~5% Nafion were mixed
together using N-methyl-2-pyrrolidone (NMP) to form a uniform slurry. This slurry was
drop cast on grafoil sheet (1cm x 1 cm) and dried for ~12 h at ~85 °C. These dried
electrodes were then sandwiched using 10 wt % of PVA-H2S04 gel electrolyte between
the two electrodes. Celgard membrane was used as a separator. The loading of the active

material was ~2mg/cm?,

Electrochemical measurements in the liquid state were carried out by dipping the

electrodes in 0.5M H2SOa4, used as the electrolyte.

2.3 Characterization

PXRD was recorded on Bruker D8 Advance diffractometer with Cu Ka radiation (A =
1.5406 A) varying 26 from 5 to 30°. FT-IR spectra were collected from a NICOLET 6700
spectrophotometer with KBr pellets from 400 to 4000 cm™ with a resolution of 4 cm™.

The gas adsorption and desorption data were collected at 77 K for N2 gas on
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Quantachrome instrument. The morphology was analyzed by using a Zeiss Ultra Plus
field-emission scanning electron microscope (FESEM). HRTEM images were recorded
on JEOL USA JEM-2200 FS Transmission Electron Microscope. Two-probe DC and AC
conductivity measurements were done with pressed pellets sandwiched in a Swagelok
cell on Keithley 2450 sourcemeter and PARSTAT MC Potentiostat PMC-2000
respectively. Four-probe measurements were done on Keithley 6221 sourcemeter.
Electrochemical measurements were performed on PARSTAT MC Potentiostat PMC-
2000. Solid State UV was recorded on Shimadzu UV-vis—NIR spectrophotometer (Model
UV-3600 plus). Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry
(DSC) measurements were done using Perkin-Elmer thermal analyzer STA 6000 model
and TA Q20 differential scanning calorimeter respectively. Thermal diffusivity
measurements were carried out on Linses LFA 1000.

3.1 Characterization of UiO-66_PPy

The colour of UiO-66 changed from white to faint green upon loading of Pyrrole monomers
(UiO-66_Py). On exposing UiO-66_Py to an oxidant (FeCls), this colour changed to black
(UiO-66_PPy) as shown in Figure 4. The drastic colour change from white to faint green
to black was understood as the primary indication of polymerization in the nanocomposite.

Figure 4. Optical images of UiO-66, UiO-66_Py and UiO-66_PPy
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The polymerization of pyrrole occurs via oxidative polymerization method by the

mechanism described below (Figure 5)23:

H
:[/ \5_.[_§_H, (B '

H

H H
BN A

2o\~ H
NN y
H H

Figure 5: Mechanism for oxidative polymerization of pyrrole

To monitor how the polymerization varies with time, we carried out the reaction for 24 h,
48 h and 72 h. It was seen that a uniformly black coloured product formed in all three
cases. However, with an increase in the reaction time, we observe changes in the
morphology of the nanocomposite (Figure 6). In case of polymerization carried out for 72
h, formation of excess polypyrrole on the surface is observed. Taking this into account,

all the further reactions were done for 48 h.
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Figure 6: FESEM showing the changes in morphology of UiO-66_ PPy after (a) 24 h
polymerization (b) 48 h polymerization and (c) 72 h polymerization

Zr being one of the most oxophilic metals,?* forms very strong bonds with the oxygen from
the terephthalic acid linker, imparting high stability to the overall framework. The PXRD
patterns of UiO-66, UiO-66 Py and UiO-66 PPy are similar, clearly indicating the
retention of structural integrity of the framework after the incorporation of Polypyrrole
chains. (Figure 7a). Thermogravimetric analysis (TGA) plot reveals that both UiO-66 and
UiO-66_PPy are stable up to ~350 °C (Figure 7b). The initial drop up to ~100 °C is due
to the loss of solvent molecules in UiO-66. In the case of UiO-66 Py, this drop
corresponds to excess of monomers adsorbed on the surface of the framework. It is
followed by ~15% loss attributed to the incorporation of pyrrole inside the nanopores as
indicated by the red arrow in TG profile.

a) b) 1004 ——Ui0-66
\ ——Ui0-66_Py
= 80- Ui0-66_PPy
Gl h Ui0-66_Py
2z P | , :
c As S
2 A A j yn‘ ==
£
Simulated
5 10 15 20 25 30 100 200 300 400 500
2 theta (degree) Temperature (°C)
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Figure 7: (a) PXRD patterns for MOF - simulated (black), UiO-66 (wine), UiO-66_Py(blue),
UiO-66_PPy(orange); (b) TGA for UiO-66 (wine), UiO-66_Py (blue) and UiO-66_PPy

(orange)

Furthermore, FT-IR spectra of both UiO-66 and UiO-66_PPy have peaks at ~1400 cm™,
~1582 cm™ and ~748 cm corresponding to the in and out of phase stretching of the
carboxylate group and C-H wagging mode, respectively (Figure 8a). The peak at
~1017 cm is due to the aromatic ring breathing motion of the framework.2®> Additionally,
peaks at ~524 cm?, ~630 cm™* and ~745 cm™ can be assigned to Zr-O2 groups in the
framework. The absence of a prominent peak at ~1667 cm™ (C=0 stretching of DMF)
successfully shows that the DMF in the framework has been replaced by MeOH during
the solvent exchange process.?! The characteristic peaks for the fundamental vibration
of pyrrole rings at ~1458 cm™ and ~1545 cm! appear in both UiO-66_PPy as well as
externally synthesized bulk PPy. The peak at ~964 cm is assigned to stretching vibration
of doped state of PPy. The C-N stretch vibration at ~1172 cm™ was also observed for
UiO-66 and bulk PPy which is consistent with the values reported for Polypyrrole. These
features are absent in UiO-66 as shown in the zoomed in view in (Figure 8b and 8c), thus

confirming the formation of UiO-66_PPy nanocomposite.2®

a) b) | N« 1545 cm™— | €) [~1170 cm

E Bulk PPy
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Figure 8: FT-IR spectra of (a) UiO-66 (wine), UiO-66_PPy (orange) and bulk PPy (pink).
Zoomed view for peak visualization for (b) pyrrole ring stretching (c) C-N stretching of

Polypyrrole.

UiO-66 is composed of two kinds of pores comprising of diameters of ~8 A and ~11 A
interconnected to each other.?” N2 gas adsorption-desorption isotherms show type |
behaviour for both UiO-66 and UiO-66_PPy with almost no hysteresis (Figure 9).
Interestingly, UiO-66_PPy also shows a significant amount of gas uptake, although not
as high as UiO-66. This decrease in the gas uptake for UiO-66_ PPy is due to the
formation of polymer chains, however, since the nanopores are large enough, there is still
enough space to accommodate the incoming N2 gas molecules. We calculated BET
surface area form the gas adsorption data and it is found that the UiO-66_PPy exhibits a
value of ~750 m?/g which is less than value of UiO-66 whose surface area is ~1165 m?/g.
This further proves that some of the accessible surface area of the framework is lost
confirming that the polymer chains have indeed been incorporated inside the
nanochannels of UiO-66.

400

(
H
(
E
E

00 02 04 06 08 1.0
PIP.

Figure 9: Nitrogen gas adsorption isotherms of UiO-66 (wine) and UiO-66_PPy (orange)
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FESEM (Figure 10a and 10d) and HRTEM (Figure 10b and 10e) images reveal that both
UiO-66 and UiO-66_PPy have an irregular spherical morphology. We do not observe any
growth of polymer chains on the surface of the UiO-66_PPy, thus complementing the gas
adsorption analysis of the formation of PPy chains inside the nanochannels. Elemental
mapping of UiO-66 PPy showed a uniform distribution of nitrogen throughout the

framework further confirming the presence of polypyrrole throughout the framework
(Figure 10c). We also see the presence of Chlorine in UiO-66_PPy suggesting Cl ions

act as dopants in the system to maintain the charge neutrality of the polymers formed
(Figure 10f).28

Figure 10: FESEM images of (a) UiO-66 (d) UiO-66_PPy and HRTEM images of (b) UiO-
66 (e) UiO-66_PPy showing retention of morphology. Elemental mapping showing a
uniform distribution of (c) Nitrogen and (f) Chlorine in UiO-66_PPy from FESEM and
EDXS
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Polypyrrole exists in three states, neutral state, polaron state and bipolaron state (Figure
11a). It is reported from electrochemical studies that the “redox potential for
polymerization of pyrrole is always greater than doping of neutral pyrrole. Hence oxidative
polymerization always leads to the formation of doped polymers chains”.?® The polaron
and bipolaron states occur due to this doping of the polymer, which in turn reduce the
band gap in polypyrrole, making them conducting (Figure 11b). This is also evident from
the Solid State UV-Vis spectra where we see a broad bipolaron band starting from
~ 400 nm for both UiO-66 and the bulk PPy which is absent in UiO-66 (Figure 11c). 2°

a) T | b) Neutral Polaron  Bipolaron
N / \ N / \ »Ia / \ Conduction Conduction Conduction
\ / T \ / T \ / T Band Band Band
H H
Neutral I
Valance Valance Valance
Band Band Band

—— Ui0-66
0.2 Uio-66_PPy
——PPy

Bipolaron

300 450 600 750 900
Wavelength (nm)

Figure 11: Structure of neutral, polaron and bipolaron states of PPy (b) band structure of
PPy: left — neutral, centre — polaron and right — bipolaron states of PPy (c) Solid state UV-
Vis of UiO-66 (wine), UiO-66_PPy (orange) and bulk PPy (pink)

3.2 Electrical Conductivity

After successful incorporation of polymer chains inside UiO-66, we tested its electrical
conductivity. The conductivity studies were performed on pressed pellet by both DC and

AC setups using Four-Probe, Two-probe and Electrochemical Impedance Spectroscopy
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(EIS). We were able to reproduce the value in all the three types of measurements
consistently. UiO-66 being insulating in nature exhibits conductivity value of ~10-® S/cm.3°
On the other hand conductivity measurements carried out using Four-Probe technique
(Figure 12a) give a value of ~1.9 x 102 S/cm for UiO-66_PPy nanocomposite — a million-
fold increase. Two probe measurements (Figure 12b), as well as Nyquist data
(Figurel2c), also reveal similar values i.e. ~6.9 x 102 S/cm and ~7.6 x 102 S/cm
respectively. Temperature-dependent conductivity studies were also carried out and it is
observed that the conductivity increases with increase in temperature, which is a feature
of a typical semiconductor. The activation energy was calculated by the following

equation3::
Ea
p=A exp = (Eq. 1)

where, p = resistivity, A = constant, Ea = activation energy, K = Boltzmann constant, and
T =temperature. The activation energy calculated from Arrhenius plot is found to be 0.1eV
(Figure 12d).

The enhancement in the electrical conductivity of the nanocomposite is primarily due to
the interaction between the host framework and the highly oriented and doped Polypyrrole
chains incorporated inside it, which effectively reduce the band gap in UiO-66 and thus
help in the efficient transport of electrons. To confirm that there is indeed a synergistic
interaction of the polymer with the aromatic ligands in the host framework, we measured
the conductivity of the mechanical mixture of UiO-66 and bulk Polypyrrole. The
conductivity is ~5.4 x 10 S/cm, much lower than the nanocomposite (Figure 11a-inset).
This reduced value for the mechanical mixture is a clear indication that the enhancement

in the electrical conductivity is a result of the host-guest interactions in the framework.
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Figure 12: Electrical conductivity of UiO-66_PPy (a) Four-Probe: inset- Electrical
conductivity of mechanical mixture and schematic of four-probe, (b) Two-Probe: inset-

Schematic of Two-Probe and (c) Nyquist Plot. (d) Arrhenius Plot

3.3 Thermal Conductivity

Thermoelectric materials are of high desirability in the present day because they are able
to convert heat into electricity. Owing to their porous nature, MOFs are able to scatter
phonons effectively and thus are poor thermal conductors.3? Additionally, as discussed in
the introduction, conducting polymers are also thermally insulating. So the enhanced
electrical conductivity and a lower thermal conductivity of the UiO-66_PPy nanocomposite
would result in a potential material for such applications. With this in mind, we carried out

thermal conductivity measurements on UiO-66 and UiO-66_PPy. Thermal conductivity
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measurements were done on activated pressed pellets by using Laser flash Analysis

(LFA) technique. The value was calculated using the following equation:
Kk =CpXDXp (Eq. 2)

Where Cyis the specific heat capacity of the material, D is the thermal diffusivity and p is
the density of the pellet. Specific heat capacity (Cp) was calculated from Differential

Scanning Calorimetry (DSC). The following equation was used to calculate Cp3':

AH

CP mAT

(Eq. 3)
where AH is the magnitude of heat flow, m is the mass of the sample and AT is the rate
of change of temperature.®®* Room temperature value of specific heat capacity was taken
into account for thermal conductivity calculations (Figure 13a).

Thermal conductivity is a result of two types of contributions: Ki and Ke where Ki and Ke
are lattice and electronic contributions respectively. Due to the insulating nature of
UiO-66, electronic contribution to the thermal conductivity can be considered negligible.
The lattice contribution of thermal conductivity arises due to the porous nature of UiO-66
which is able to scatter phonons effectively. This results in a low value of thermal
conductivity of ~0.86 W/mK. In the case of UiO-66_PPy, due to the enhanced electrical
conductivity, one would expect a higher thermal conductivity. However, as there is still a
significant amount of vacant space present in the pores of the nanocomposite, the lattice
contribution to thermal conductivity still dominates. Additionally, conducting polymers,
Polypyrrole, in this case, have shorter intrinsic phonon mean free path, making it thermally
insulating. Reported values for thermal conductivity of Polypyrrole vary from ~0.17 W/mK
to ~0.02 W/mK.3* For UiO-66_PPy nanocomposite, we observe a lowered thermal
conductivity value of ~0.46 W/mK (Figure 13b). This can be explained by the fact that the
combined effect of low values for both the framework and the polymer chains as well as
the porous nature of the nanocomposite results in the overall reduction of the thermal

conductivity.
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Figure 13: (a) DSC plot for UiO-66 and UiO-66 PPy (b) thermal conductivity of UiO-66
and UiO-66_PPy

In a nutshell, we have successfully enhanced the electrical conductivity and modulated
the thermal conductivity of the nanocomposite. Additional experiments need to be
performed to measure the Seebeck Coefficient and finally the thermoelectric figure of

merit.
3.4 Supercapacitor Applications

The ever-growing demand for consumption of energy calls for new and effective ways to
store and utilize energy. With the non-renewable sources of energy being overused, in
the current scenario, they are expected to exhaust in the near future. Renewable energy,
on the other hand, is abundant but is not available all the time and the distribution is not
uniform geographically, thus, it needs to be stored. Consequently, energy storage devices
are of utmost importance to meet energy demands. Batteries, fuel cells, capacitors and
supercapacitors are some of the devices presently used for this purpose. Among these,
supercapacitors represent an important class of energy storage devices that bridge the

gap between batteries and capacitors to give optimal energy and power density.3®

Although there have been some reports about conducting MOF based supercapacitors,*®
MOF-Conducting Polymer nanocomposite based supercapacitors are yet to be fully
explored. Owing to the retained porosity and the enhanced electrical conductivity, we
decided to test the material for supercapacitor applications. The supercapacitors were
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tested in both liquid and solid state configurations (Figure 14a and 14b). Electrochemical
measurements in the liquid and solid state configurations were carried out in 0.5 M H2SO4
and 10 wt% polymer gel electrolyte, respectively. Electrochemical techniques such as
Cyclic Voltammetry (CV), Charge — Discharge (CD) and Electrochemical Impedance

Spectroscopy (EIS) were used to evaluate the supercapacitor performance.

Separator PVA-H,SO,(electrolyte)

Grafoil
(Current Collector)

Active Material
(UiO-66_PPy)

0.5 M H,S0,
(electrolyte)

. Active Material
Grafoil (Ui0-66_PPy)
(Current Collector)

Figure 14: Schematic of (a) liquid state and (b) solid state assembly of supercapacitor

The almost rectangular CV curve in both the solid and liquid state configurations of the
supercapacitors is indicative of the Electrical Double Layer Capacitance (EDLC) feature
of the supercapacitor (Figure 15a and 15d). This is further corroborated by the triangular
feature in the charge-discharge curves. The ever so slight deviation from the triangular
curves in the CD could be due to the presence of redox-active doped Polypyrrole chains
in the framework (Figure 15d and 15e). Additional three electrode measurements need
to be done to probe the presence pseudo capacitive contribution to the overall

capacitance, if any. In the Nyquist plot, the semicircle at higher frequency indicates the
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charge transfer resistance in the system which is comprised of electrolyte resistance,
electrode resistance, and the contact resistance between the electrode and current
collector. The vertical line at a lower frequency is due to the ion transport resistance or
the diffusion resistance.” From the Nyquist plots (Figure 15c and 15f) we can see a very
small semicircle in both the solid and liquid configurations, indicating low charge transfer
resistance of the system. The value for the both the systems is ~3 Q, which suggests a

high mobility of charge carriers.
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Figure 15: Electrochemical characterization of UiO-66_PPy: Upper panel — (a) CV (b) CD
and (c) Nyquist in liquid state; bottom panel — (d) CV (e) CD and (f) Nyquist in solid state

configuration

We calculated the areal and gravimetric resistance from the Charge-Discharge curves at
different current densities. While the liquid state system gives areal capacitance of ~ 130
mF/cm? (Figure 16a) at current density of 0.2mA/cm?, in the solid-state configuration, this
value is ~ 60 mF/cm? (Figure 16b). This reduction in the value can be attributed to the

lower mobility of the ions in the solid state matrix where a polymer gel electrolyte is used
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as opposed to aqueous H2S04 in the liquid configuration.®® Nonetheless, these values
indicate a significant improvement in the capacitance of the framework with only ~15 wt%

loading of the conducting polymer. The performance can be further increased by varying

the mass loading of the active material.
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Figure 16: Plot for current specific capacitance vs current density (Ca and Cg) of UiO-

66_PPy for (a) liquid state and (b) solid state configuration

Conducting polymers, composed of organic backbone, degrade after a couple of hundred
cycles. This is due to the irreversible changes that occur in the structure of the polymers
during the charge-discharge cycles, resulting in the collapsing of the structure.®®
Interestingly, UiO-66_PPy nanocomposite exhibits excellent cycling stability in both the
liquid state and solid state configurations (Figure 17a and 17b). We observe that the
material does not degrade up to over ten thousand cycles, with negligible loss in capacity

in both the cases.
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Figure 17: Cycling stability of UiO-66 PPy for (a) liquid state and (b) solid state

configuration.

Further improvements in the capacity can be done by varying the mass loading of the

active material as well as carrying out the measurements in organic electrolytes which

allow the use of higher potential windows.

By using in-situ polymerization technique within the confined nano-spaces of the
Metal-Organic Framework, we have successfully synthesized a porous,
semiconducting MOF- Conducting Polymer nanocomposite which exhibits enhanced
electrical conductivity by ~6 orders of magnitude as compared to the pristine MOF
with ~15 wt% loading of the conducting polymer. Synergistic interaction between the
conjugated polymers and the 11 electron cloud of the organic linker was understood
as the primary reason for enhancement in electrical conductivity. Owing to the retained
porosity of this nanocomposite, the thermal conductivity measurements reveled a low
value of ~0.4 W/mK for the nanocomposite. Additionally, supercapacitor fabricated
using the nanocomposite exhibited specific capacitance of ~130 mF/cm?and ~100 %
retention up to over 10k cycles. This work offers a new direction in the field of porous
semiconducting nanocomposites, which can have potential applications in the

development of new energy storage systems.
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