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The development and utilization of new energy sources has been extensively studied in the
world. Here, we report the development of flexible self-supported metal-free electrodes based on
non-oxidized graphene multilayer (MLG) paper containing the lead iodide nanoparticles (Pbl,-NPs).
The PbI-NPs was obtained and characterized by X-ray diffraction (XDR) and Raman spectroscopy.
Supercapacitor containing the PbI -NPs in MLG electrodes was fabricated by a simple method and
characterized using atomic force microscopy (AFM), cyclic voltammetry (CV) and galvanostatic
charge-discharge techniques. The results show a flexible supercapacitor fashion reaching capacitance
values of 154 F/g with high prospects in electronic area. Energy and power densities obtained for
the pure MLG supercapacitor were 3.40 uWh cm? and 0.73 mW cm?, respectively. Regarding to
PbL-NPs/MLG capacitor the energy and power density obtained were 3.50 Whkg' and 1.10 kW kg™
The results herein presented open the possibility to new energy storage devices using PbL,-NPs and

MLG flexible supercapacitor configuration.
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1. Introduction

In recent years, the development of alternative energy
sources has become increasingly relevant 2, both in respect to
improved energy efficiency % as a result of the rapid growth
of portable electronic devices consumption, for example, as
also for view of the development of environmentally friendly
energy sources *. The electrochemical supercapacitors, also
known as electrochemical double-layer capacitors (EDLC)
or ultracapacitors * may be used as storage energy and has a
longer life cycle compared to batteries for example (> 100
times life time), require a simple charging circuit, present
no memory effect, are generally safe and they are low cost
energy generators °.

In general, three types of materials are used in the
supercapacitors construction: metal oxide *’, conducting
polymers % and carbonaceous materials. The most widely
used are carbonaceous materials due to the variety of carbon-
based materials that allows the possibility of construction of a
wide range of carbon-based supercapacitors such as activated
carbon '°, carbon nanotubes (CNT) ' and graphene '>!*. With
respect to polymers and metal oxides, the carbon-based
materials have the advantage of presenting high stability
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during the charge/discharge cycling 2. Graphene-based
materials have advantages over other carbon-based materials,
as the CNT and activated carbon, for example. One of these
advantages is its larger electrical double-layer capacitance '*.
In addition, graphene is a nanostructured material, such as
CNT, with a high surface area. The large surface area promotes
an increase in the efficiency of the supercapacitors with
respect to capacitance and overall conductivity, improving
the efficiency of the device °.

An application example of graphene-based materials as
electrochemical supercapacitors is the use of graphene in the
construction of flexible electrochemical supercapacitors 4.
Augusto et. al.’® developed a flexible and self-standing
solid-state supercapacitor using multilayer graphene paper
(MLG) electrodes, which presented specific capacitances
up to 58,000-uF cm™. The capacitance of this device was
further improved (practically twice) by the incorporation of
polyaniline (PAni), a conductive film. By the incorporation
of this polymer there is the sum of the pseudo-capacitance
mechanism (conducting polymer) to the electrical double-
layer capacitance (carbon-based materials), thus resulting
in a hybrid supercapacitor '>'°,

Metal oxide nanoparticles (NPs) can be excellent
modifiers in doping of materials in the development of
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hybrid supercapacitors '*'". Lead iodide NPs (Pbl,-NPs)
have been extensively developed due to their potential
technological applications in active matrix flat panel imagers
(AMFPI), room temperature ionizing radiation detectors,
photo-detectors and photovoltaic cells. Pbl, presents a
lamellar structure (I-Pb-I) and exhibits a large number of
polytypes due to periodic stacking order alternation in the
direction of the c-axis. The two most common polytypes
are 2H-PbI, and 4H-Pbl,. The forces within a lamellar
structure between anion and cation layers are ionic, whereas
the iodine-iodine interactions are weak (Van der Waal’s
interactions). Pbl, presents large band-gap (~2.3 €V), high
mass density, high atomic number, high X-ray and y-ray
photon absorption, high charge collection and low leakage
current '8!, J. Burschka er al*® and M. Ledinsky et al”!
have applied a solution of Pbl, in N.N-dimethylformamide
(DMF) to insert Pbl, into the TiO, nanopores as a route to
high-performance perovskite-sensitized solar cells. On the
other hand, polycrystalline Pbl, films were obtained by
solution evaporation in a furnace using DMF as solvent,
with an average growth rate above 30 A s'22. DMF organic
solvent shows a larger solubility limit for Pbl, and it has
a relatively high boiling point (153 °C) in relation to other
solvents as water for example. For conventional hydrothermal
and solvothermal techniques, the precursor formation occurs
in a long period time. However, this can lead to the rise of
broad particle size and shape distributions. According to
P.W. Dunne et a/* an alternative is the temporal separation
of the nucleation and growth stages. The nucleation must
effectively happen only once such that the critical nucleation
threshold is transposed quickly. Rapid nucleation then relieves
the supersaturation bringing the system to the metastable
state which cannot form new nuclei. This leads to a narrow
size distribution, limiting Ostwald ripening, whose nuclei
grow almost exclusively by diffusion process.

The aim of this work was to develop flexible electrochemical
supercapacitors obtained from non-oxidized graphene
multilayer papers modified with PbI -NPs. For this purpose,
an electrolyte gel is placed between two modified MLG
separated by an ion permeable separator in which each
electrode-electrolyte interface acts as a capacitor, leading
to an electrochemical supercapacitor. The performance and
behaviour of supercapacitors obtained were accessed by
using cyclic voltammetry (CV) and galvanostatic charge-
discharge techniques as well as the characterization of
electrode and nanoparticles by X-ray diffractometry (XRD),
Raman spectroscopy and atomic force microscopy (AFM).

2. Material & Methods

2.1. Synthesis of Pbl -NPs

In the present study, Pbl, powder produced by Aldrich
(99.999% of purity) was dissolved in DMF without any
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additives or stabilizers at 100 °C with concentration of
200 mg mL"". Petri dishes were covered with 15 mL of
the prepared solution and introduced into a furnace with
constant temperature, kept without significant deviation at
100 °C for a period of 20 min. The temperature was then
increased from 100 °C up to 150 °C during 30 min. In this
sense, isothermal nucleation and metastable growth steps
performed Pbl,-NPs synthesis. Pbl, powder is dissociated
with the formation of lead and iodine ions. The nucleation
rate is related to the capacity of these ions to recombine
into instable state. Thus, the number of nucleation seeds
on the surface was kept high. Due to solvent vaporization,
these ions recombine leaving behind Pbl,-NPs synthetized
by nucleation and diffusion process.

2.2. Pbl,-NPs characterization

PbI,-NPs structural properties were investigated using
XRD and Raman scattering experiments. XRD experiments
were performed using a Cu k,_ radiation (wavelength of
1.5406 A) from a Siemens D5005 diffractometer system. The
Bragg angle 20 scanning was performed with a step of 0.02
degree from 10 degree up to 70 degree. Raman Scattering
experiments were carried out at room temperature with
illumination at 647.1 nm (lies well above the absorption
edge of Pbl,) from 10 cm™ up to 200 cm.

2.3. Supercapacitor assembling

The flexible and free standing PbI,-NPs /MLG
supercapacitors were constructed using an experimental
procedure according to Augusto et al'. Figure 1 presents the
schematic of supercapacitor assembly. Multilayer graphene
powder (80 mg) previously prepared by thermal expansion
and mechanical exfoliation ** was pressed at 20 kgf cm™?
using a stainless steel mold (3 cm diameter) and used in
order to obtain the flexible and metal free electrodes. Pbl, -
NPs (previously dispersed in propanol 99.9%) were spread
over the MLG electrodes. The electrode mass before and
after the Pbl -NPs insertion was measured resulting in 2
mg of nanoparticles per electrode. The electrolyte gel was
prepared following the procedure described by Lie et a/.
The preparation consists of 3 g of polyvinyl-alcohol (PVA)
added to a solution of deionized water (30 mL) and sulfuric
acid (3 g), heated at 85 °C and continuously stirred until the
solution turns into a gel electrolyte. The capacitor separator
is a polyester sheet, 130 um-thick. Using the same procedure
described above, pure MLG supercapacitors were prepared
in order to study the effect of PbI -NPs insertion in the
devices capacitance.

2.4. Electrode and supercapacitor
characterization

Cyclic voltammetry (CV) is one of the most reliable
techniques used to study electrochemical capacitors since
it provides detailed information about the electric double-
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Figure 1. Schematic representation of supercapacitor assembly: Pbl -NPs were spread over MLG flexible electrodes and stacked with
a polyester sheet separator between them, forming a flexible Pbl,-NPs /MLG supercapacitor. The obtained supercapacitor has stretched

and flexed form.

layer capacitance and its dependence with potential. The CV
measurements were carried out at room temperature by using
an Autolab model PGStat 302N potentiostat. For this purpose,
six different scan rates from 0.005 to 0.2 V s! were used in
the electrochemical tests. All CV tests were done by using
two electrodes configuration (reference electrode + counter
electrode and - sensing electrode + working electrode) and
more information about the experimental apparatus can be
verified in Augusto et a/". The areal capacitance per electrode
was calculated using equation 1:

J1av 0

where I (A) is the electric current, A (cm?) the electrode
area, AV the voltage range and v the voltammetry scan
rate ¥’. It is important to mention that the area A can be
exchanged for the electrode mass M for capacitance per
mass estimative instead of capacitance per area resulting
in specific capacitance. The capacitance C as a function
of electrode area may be determined by using equation 2:

I
C=92——
dVv @)
A 4t

The capacitance C per electrode area was obtained
from galvanostatic charge-discharge profiles %, according
to the equation 2. Six different current densities from 0.008
A g'to0.039 A g’ (1.80 to 8.90 A m?) were used in the
galvanostatic cycles performed between 0.0 and 0.7 V. The
dV/dt represents the slope of the discharge curve.

3. Results and Discussion
Figure 2 shows in (a) the X-ray diffraction (XRD) and in

(b) the Raman scattering results for experiments performed
with PbI-NPs samples. The XRD data show that PbI -NPs

are polycrystalline and preferentially oriented along the (001),
(101),(102), (003), (110), and (004) directions that are related
to 2H-Pbl, polytype. These peaks confirm good crystallinity
of NPs and were identified using the Joint Committee on
Powder Diffraction Standards (JCPDS database number 07-
0235). Note that the intensity of the (101) peak is 2.2 times as
small as the one of the (001) peak. The highest intensity was
observed along (001) direction which is in agreement with
those single crystalline nanosheets obtained by microwave-
assisted synthesis . The NPs sizes were estimated to be
about 43 nm, as determined using Debye-Scherrer equation
and the full width at half-maximum (FWHM) of the most
intense peak (001) . The Raman modes are identified as
E3 at13.9 cm?, E3 at 70.8 cm™, Al at 95.0 cm™ and A}
at 110.2 cm'. Other modes of small intensities as Ef ¢ [5
near 46 cm™” and 2F); near 165 cm™ were observed. The
Raman-active A{ and A} define the breathing motion of
the PbL, layers. The Raman lines E;, E:, E!and E
correspond to the shear deformation modes and the three
last modes are exclusive for 4H-Pbl, polytype. The Raman
vibration modes of Pbl,-NPs are in agreement with 2H-Pbl,
polytype predominantly. However, are partially comparable
with 4H polytype Pbl, assignments due to E;, E! and £
modes. These 4H-Pbl, exclusive modes can be attributed
to a partial transformation to 4H polytype, which indicates
stacking faults arrangements '®. Stacking faults motions
in PbI2 are mainly induced by slither between contiguous
anion-anion layers due to weak binding '%.

The electrodes morphology was evaluated by AFM
microscopy in dynamic mode. The graphene borders and
different planes overlapping can be seen and a free defective
surface is observed in Figure 3A. The morphology of this
MLG electrode is changed using Pbl,-NPs over the surface
according to Figure 3B. The PbI,-NPs present spherical
morphology and regular distribution of particles over MLG
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Figure 2. (a) X-ray diffraction and (b) Raman scattering spectra
obtained from PbI-NPs.

surface. The voids between MLG flakes in the electrode
contribute to the permeation pores creation and consequent
increase of the capacitance. Using a higher magnification
(1 pm?) and the software Gwyddion, it was possible to obtain
the nanoparticles mean size about 35.5 + 3.5 nm.

Figure 4 (a) exhibits stable electrochemical performance
of the pure MLG and PbI -NPs/MLG supercapacitors obtained
using CV technique at scan rates of 0.005, 0.02, 0.04, 0.08,
0.1 and 0.2 V s'. As can be seen in all voltammograms, the
specific capacitance gradually decreased with increasing
scanning rate, which is a typical behaviour expected for
these systems and also observed in several other works of
the literature 2*3°. Probably, the larger capacitance values at
lower scanning rates are due to a higher adsorption of ions
in the electric double layer. The shapes of the CV curves
distinctly reveal the pseudocapacitive characteristics as well
as electrolyte stability along the cycling. In the present work,
the influence of the electrode construction parameters as
compacting pressure and Pbl /MLG mass was also analyzed.
Both electrodes herein used (pure MLG and Pbl -NPs/MLG)
probably exhibited the electric double layer capacitance effect
(DLCE) behaviour, since no redox reactions mechanism
has occurred during the charge and discharge process (see
Figures 4(a) and (b)) resulting in CV curve profile presenting
rectangular shape and highly symmetric in nature without
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Figure 3. (a) Atomic force microscopy images of pure MLG electrode
pressed at 20 kgf cm, (b) Pbl, nanoparticles over the MLG electrode
and (c) 3D image of Pbl, nanoparticles using higher magnification.

significative deformation observed for carbon materials and
other structures 332, In fact, the flexible and metal free MLG
electrode has been tested efficiently in flexible and all solid
state supercapacitor °. Regarding the galvanostatic charge and
discharge results, as can be seen in Figures 4 (c) and (d), it is
possible to verify that a triangular and symmetric potential
profiles were observed for all currents applied, reinforcing
the DLCE characteristic of these supercapacitors as suggested
in other works 3283132, However, since the redox reactions
resulting in pseudocapacitive behaviour can occur with
no distortion or peaks presence in CV curves, its presence
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Figure 4. (a) CV curves for different scan rates for Pure MLG supercapacitor, (b) CV curves for different scan rates for PbI-NPs/MLG
supercapacitor, (c) Galvanostatic charge and discharge curves at different current densities for Pure MLG supercapacitor, (d) Galvanostatic
charge and discharge curves at different current densities for Pbl -NPs/MLG supercapacitor, (¢) Current density versus scan rate for pure

MLG supercapacitor and (f) Current density versus scan rate for Pbl,-NPs /MLG hybrid supercapacitor.

can be evaluated using the Randles-Sevcik equation® that
result in a linear fit in plot of current density versus square
root of the scan rate. As can be seen in Figure 4 (e) and
(f) a non-linear and linear behaviour for pure MLG and
PbL/MLG capacitor was obtained, respectively indicating
some redox reactions when Pbl, nanoparticles were used.
The non-linear behaviour at higher scan rates is generally
found in porous structured material and is due to ohmic-drop

effects®. This effect occurs due to the difficulty of access
to certain charge generating sites. With the presence of the
nanoparticles, the Ohmic drop effect is practically null, since
there is little deviation from the linearity. This suggests that
the presence of the nanoparticles increases the mass transport
to the charge generating sites, probably due to the reduced
size of these particles, even at high potential scanning rates.
The improvement of mass transport, when in the presence
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of nanoparticulate material, is related to the contribution
of mass transport of the radial rather than linear type, as
explored in other works *.

The constant time increased about 55 s using PbL,-NPs
in the electrode. This increase can be originated in two main
experimental parameters: i) electrode resistance or ii) circuit
capacitance. The parameter (i) probably is affected by the
semiconductor behaviour of the nanostructures resulting
in a higher electrical resistance between the gel electrolyte
and MLG electrode, decreasing the global capacitance while
(ii) contributed directly with the capacitance increase. The
capacitances obtained using equation 2 and the galvanostatic
charge and discharge curves (Figure 4 (c) and (d)) were
126.000 uF cm?and 84.5 F g, for pure MLG and Pbl,-NPs/
MLG supercapacitors, respectively.

The difference in performance according to the variation
of these parameters can be seen in the specific capacitance
values shown in Figure 5a. Given the difficulty to determine
the MLG mass in direct contact with the electrolyte gel,
it is more appropriate to express the capacitance per area
(areal capacitance - pF cm?) 2. Otherwise, the capacitance
per mass (specific capacitance) is a better parameter for the
case of PbI -NPs/MLG given Pbl,-NPs mass was previously
determined. The MLG specific capacitance reached almost
130.000 pF cm? consistent with the previously reported
values for similar capacitor °. Considering the hybrid
nanostructured electrode herein studied, the capacitance
reached ~ 90 F g using about 4 mg of Pbl -NPs over the
pairs of electrodes (2 mg in each supercapacitor). Despite
the use of nanostructures has led to high capacitance per
mass (hundreds of F g') 1%, the use of Pbl,-NPs can block
the permeation of gel electrolyte and interfere in the charge
diffusion in the electric double layer, resulting in a smaller
capacitance **compared with the pure MLG supercapacitor.
This effect is reinforced by the AFM image in Figure 3b, given
the empty spaces between graphene flakes, considered as
pores for the electrolyte gel permeation inside in the electrode,
are partially filled with the nanoparticles of Pbl,. Thus, the
NPs distribution and quantity over the MLG electrodes
are parameters that should be considered and controlled in
order to improve the device capacitance. However, some
gel permeation over the MLG pores can occurred and the
capacitor performance carries characteristics both carbon
nanostructure as well as the Pbl, nanoparticles.

Energy and power densities equals to 3.40 uWh cm?
and 0.73 mW cm? were obtained for the pure MLG
supercapacitor and presented in Figure 5b (inset). Considering
the mass for the PbI -NPs in the capacitor herein studied,
the energy and power density obtained were 3.50 Wh kg'!
and 1.10 kW kg, respectively. The excellent capacitive
properties of MLG paper electrode contributed positively
to obtain an electrochemically reliable and flexible platform
for the study and application of several nanostructures in
the field of electrical charge storage.
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Figure 5. (a) Areal capacitance (capacitance per area unit) for Pure
MLG supercapacitor versus scan rate (at left) and specific capacitance
(per mass) versus scan rate for Pbl,-NPs/MLG supercapacitor (at
right) and (b) Ragone plot for Pbl,-NPs /MLG supercapacitor and
for pure MLG in inset. The lines linking the experimental points
are only guide for eyes.
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Figure 6. (a) Electrode setup for electrochemical characterization

in line 0 angle, (b) in 90 degrees bend angle and (c) the CV curve
at 0.005 V.s™' at the 0 and 90 degrees configuration.

In order to show the flexibility of our device a comparison
of the CV curves was made for the same Pbl,-NPs/MLG
supercapacitor recorded at 0.005 V s! scan rate for 0 and
90 degrees, as presented in Figure 6. Surprisingly, at 90
degree a considerable increase in capacitance was observed
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reaching 154 F g while ~90 F g'! was obtained for in line
configuration. The reasons for that uninspected increase
could be the higher gel diffusion in MLG pores, nanoparticle
migration in interface gel/electrode or other instability related
to the geometry change.

4. Conclusions

PbI-NPs were successfully synthesized in this work
resulting in ~35 nm diameter polycrystalline material
preferentially oriented along directions that are related to
2H-Pbl, polytype. The Raman vibration modes of Pbl,-NPs
are in agreement with 2H-Pbl, polytype predominantly,
with a partial transformation to 4H polytype. The PbL,-NPs
morphology evaluated by AFM, present a spherical shape
and regular distribution of particles over MLG surface.
The voids between MLG flakes in the electrode contribute
to the permeation pores creation and consequent increase
of the capacitance. Flexible and free-standing metal free
supercapacitors were constructed and tested using Pbl.-
NPs/MLG electrodes. The CV and galvanostatic charge and
discharge characterizations show the EDLC behaviour of
pure MLG and PbL,-NPs/MLG supercapacitors. Capacitances
were obtained in the order of about 126.000 uF cm™ for pure
MLG supercapacitor and ~90 F g! at 0 degree and ~154 F g!
bending at 90 degrees for Pbl-NPs/MLG supercapacitor.
The energy and power density obtained for PbI,-NPs/
MLG supercapacitor were 3.50 Wh kg' and 1.10 kW kg™,
respectively. The MLG electrodes successfully performed
as a base electrode for Pbl -NPs flexible supercapacitor. The
results herein presented open the possibility to new energy
storage devices using Pbl -NPs and MLG configuration.
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