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A gelatin/graphene composite has been analyzed by means of current density-voltage and the electrical impedance measurements.
The DC electrical behavior has been interpreted in terms of an equivalent Thévenin model taking into account the open circuit
voltage and the series resistance. A model based on the effect of the electrical double layer and on the diffusion of the charge
carriers is used for the analysis of the experimental data, obtained in the frequency domain. The model reveals for any applied
voltages a marked diffusion process at low frequencies. In particular, where the charge transfer mechanism is dominant, the time
distribution of the reaction rates reveals that several multiple step reactions occur in the materials, especially at high values of the
applied forward bias voltages.

1. Introduction

In the last decade, the emerging field of the “green” elec-
tronics has promoted the research to identify compounds of
natural origin for the production of synthetic materials and
biopolymers for biodegradable and biocompatible applica-
tions [1, 2]. In order to improve their thermal, mechanical,
and electrical properties, compared to conventional inor-
ganic materials, the bionanocomposites have been fabricated
with a dispersion of nanosized fillers into the polymer matrix
[3, 4]. Here, we present results using gelatin as biopolymer
and graphene as a conductive filler. Gelatin is an animal
protein and forms a structure with a high molecular weight
and it is in many aspects similar to rigid-chain synthetic
polymers [5]. The addition of graphene sheets gives the
possibility to functionalize the resulting bionanocomposite in
order to optimize the electrical properties for the fabrication
of biodegradable energy storage devices [6]. In this work,
gelatin and gelatin/graphene systems have been investigated,
using current density-voltage measurements and electrical
impedance spectroscopy.

2. Materials and Methods

Isopropanol, glycerol, and all aqueous solutions were pre-
pared with Milli-Q water. Gelatin is from bovine skin type
B with a gel strength of about 225 g Bloom. Aqueous sus-
pensions of graphene have been prepared by exfoliation in
low boiling point solvents of graphite flakes with a technique
described in [7]. The gelatin solution was prepared by
dissolving the gelatin inwater and glycerol at 80∘C.The incor-
poration of graphene particles was carried out by stirring
the previous gelatin solution with the aqueous suspension
of graphene for about 30min at the same temperature. The
resulting nanocomposites have a graphene concentration of
0.1%. The slurry obtained was firstly casted on a glass surface
at room temperature and then dried for 72 h in a vacuum
chamber at 25∘C. The electrical measurements of the com-
posites have been performed in a two-point contact geometry
using a Keithley model “2400” source measurement unit.
The impedance spectroscopy characterization has been done
using an “HP 4109” impedance/gain-phase analyzer in the
frequency region between 100Hz and 100KHz with an

Hindawi Publishing Corporation
Advances in Condensed Matter Physics
Volume 2015, Article ID 107957, 5 pages
http://dx.doi.org/10.1155/2015/107957



2 Advances in Condensed Matter Physics

Gelatin/graphene

Al foil

Ag paste

+

−

Figure 1: Cross section geometry of the device.
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Figure 2: Comparison of the current density-voltage characteristics
of a pure gelatin and a gelatin/graphene system at room temperature.

AC-signal amplitude of 50mV. All the measurements were
performed at room temperature. An aluminum foil has been
used as back contact and the top-contact has been fabricated
by silver paste with an average area of 0.08 cm2, as shown in
Figure 1.

3. Results and Discussion

In Figure 2 the current density-voltage (𝐽-𝑉) characteristics
of the gelatin/graphene system and of the pure gelatin have
been compared. The blends have been characterized using a
two-contact electrode geometry, as shown in Figure 1, and in
a voltage range between 0 and 5V.The devices show negative
values of the current density under short circuit conditions.
This “background current density” can be explained by the
existence of the double layer capacitance and it is related to
the nonfaradaic current during the discharge process. In this
voltage range, the current density dependence from the bias
voltage suggests that the addition of the graphene modifies
the capacitance at the interface between the metallic contact
and the bionanocomposites. As shown in Figure 2, it leads to
an increase of the “background current density.” In addition,
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Figure 3: DC-equivalent circuit of the systems under analysis.

the current density in the whole voltages range is increased
due to the graphene sheets that lead to a higher conductivity
of the blend.The current density signals have negative values
up to voltages of about 1 V and subsequently they become
positive. When the bias voltage is further increased, the
current density is limited to a value of about 0.1 𝜇A/cm2
until an electrochemical reaction occurs in the device at a
bias voltage of 1.8 V. Further on the current density increases
rapidly, reaching a value of 0.1mA/cm2 at 3V. When further
increasing the forward bias voltage up to 5V a moderate
monotonic current increase has been observed.

The corresponding values of the open circuit voltage
(𝑉OCV) are 0.97V and 1.13 V for the pure gelatin and
the gelatin/graphene system, respectively. According to the
Thévenin theorem [8], the linear electric circuit may be
represented as a series connection between an ideal voltage
source 𝑉OCV and the internal resistance 𝑅

𝑆
, as shown in

Figure 3.
In order to evaluate the value of 𝑅

𝑆
, the voltage is

measured with a resistance load 𝑅
𝐿
of 10MΩ. The output

voltage 𝑉
𝑋

is 0.4 V and 0.2V, respectively, for the blends
with and without graphene content, as shown in Figure 4.
Consequently, 𝑅

𝑆
is defined as

𝑅
𝑆
= 𝑅
𝐿
×(
𝑉OCV
𝑉
𝑋

− 1) , (1)

and the computed values of 𝑅
𝑆
are 18.25MΩ and 38.50MΩ.

In the case of an ideal battery, the value of this internal
resistance is zero. As reported in the literature, the value of𝑅

𝑆

changes as a function of the temperature, ageing conditions,
chemical properties, and discharge current [9]. Its value
depends also on the ionic component, in particular on the
electrolyte conductivity, ion mobility, charge transfer, and
surface area of the electrode [9]. In our case, the insertion of
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Figure 4: Time evolution of the output voltagewith a load resistance
(𝑅
𝐿

) of 10MΩ, measured at room temperature.
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Figure 5: AC-equivalent circuit of the systems under analysis.

layers of graphene reduces the overall resistance by 50%, thus
producing a strong enhancement of the output voltage.

In order to evaluate the faradaic process inside the
devices, its AC electrical behavior can be modeled as a
Randles circuit [10]. The double layer capacitance 𝐶dl mod-
eling includes a constant phase element (CPE

1
), whereas the

Warburg impedance 𝑍
𝑊

is modeled as a series connection
between a charge transfer resistance 𝑅CT and a further CPE
element (CPE

2
), as shown in Figure 5.

The resulting impedance in the Laplace domain is defined
as

𝑌 (𝜔) = (𝑗𝜔)
−𝛼

𝑄1 +
(𝑗𝜔)
−𝛽

𝑄2

[1 + 𝑅CT (𝑗𝜔)
−𝛽

𝑄2]
, (2)

where 𝑅CT is the charge transfer resistance. The CPE param-
eters 𝛼, 𝛽, 𝑄

1
, and 𝑄

2
are frequency independent.

Figures 6 and 7 report the AC electrical impedance mea-
surements of the gelatin based devices with and without the
graphene addition, measured at room temperature and for
different bias voltages (𝑉BIAS).The best fit to the experimental
data using (2) is shown in Figures 6 and 7 as solid lines and
dotted lines for different 𝑉BIAS values.

The fitting procedure with (2) gives the results reported in
Tables 1 and 2.The impedance spectrum contains two distinct
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Figure 6: Plot of the imaginary part versus real part of the device
impedance for pure gelatin based device, measured for four different
bias voltages in a frequency range between 100Hz and 100KHz
at room temperature. Solid lines are the best fit of the measured
impedance with (2).
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Figure 7: Plot of the imaginary part versus real part of the device
impedance for gelatin/graphene based device, measured for four
different bias voltages in a frequency range between 100Hz and
100KHz at room temperature. Dotted line curves are the best fit of
the measured impedance with (2).

regions: at low frequencies, the prevalent mechanism is the
diffusion of the electrons and ions, while, for frequencies
above 2.5 KHz, the charge transfer mechanism becomes
dominant. Here, the equivalent AC circuit can be reduced to
a simple parallel connection of CPE

1
and 𝑅CT.
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Table 1: Best fitting values of parameters in (2) for pure gelatin based
devices.

𝑉BIAS 𝛼
𝑄1 𝛽

𝑄2 𝑅CT

(V) (pΩ−1s𝛼) (𝜇Ω−1s𝛽) (KΩ)
0 0.878 66.33 0.643 0.215 57.64
1 0.878 67.70 0.714 0.140 58.67
3 0.889 55.40 0.472 0.843 56.71
5 0.907 41.10 0.186 6.81 47.07

Table 2: Best fitting values of parameters in (2) for gelatin/graphene
blend based devices.

𝑉BIAS 𝛼
𝑄1 𝛽

𝑄2 𝑅CT

(V) (pΩ−1s𝛼) (𝜇Ω−1s𝛽) (KΩ)
0 0.895 42.36 0.671 0.186 92.20
1 0.895 42.20 0.648 0.233 95.16
3 0.899 39.26 0.495 0.680 95.02
5 0.923 26.47 0.147 6.298 72.94

Table 3: Extracted parameters fromNyquist spectra fitting using (3)
and (4) for gelatin and gelatin/graphene blends.

𝑉BIAS
(V)

Gelatin Gelatin/graphene
𝐶dl 𝐷

𝜏 𝐶dl 𝐷
𝜏

(pF) (𝜇s) (pF) (𝜇s)
0 374.3 2.14 0.68 182.5 2.12 0.91
1 382.0 2.14 0.71 181.8 2.12 0.93
3 267.5 2.12 0.65 160.0 2.11 0.92
5 153.4 2.10 0.50 77.3 2.08 0.64

As reported by Hsu and Mansfeld [11], the value of the
“true” capacitance related to the 𝐶dl can be extracted directly
to the value of 𝑄

1
as follows:

𝐶dl = 𝑄1 (𝜔max)
𝛼−1
. (3)

Here, 𝜔max represents the frequency at the top of the semi-
circle shown in the Nyquist plots of Figures 6 and 7. The
resulting values of 𝐶dl are listed in Table 3 for different 𝑉BIAS
values.

For both devices, the 𝛼 values can be associated with the
frequency dependency of the CPE

1
due to the surface rough-

ness of the sample [12] or due to the nonuniformly distributed
electrical properties of the surface [13]. A model of self-
similar fractal electrodes, proposed by Nyikos and Pajkossy
[14], gives the following relation between the exponent 𝛼 and
the effective fractal dimension𝐷:

𝛼 =
1
(𝐷 − 1)
. (4)

The surface of the sample is not perfectly smooth and, for
a rough surface, values of 𝐷 between 2 and 3 are normally
assumed. In our case, the values of 𝛼 are ranged between 0.89
and 0.92 for the bionanocomposite sample and between 0.87
and 0.90 for the pure gelatin sample. Therefore, the resulting
values of 𝐷 have a value of approximately 2.1 for all applied

bias voltages and for both type samples, as also reported
in Table 3. This confirms the role of the glycerol as a good
plasticizer, resulting in a rather smooth surface. The same
holds also for the sample with the addition of the graphene
layers for all𝑉BIAS values. On the other hand, the contribution
of the CPE

1
element can also arise from different values of the

multistep reaction rates at many different surface sites [13].
In our case, the time constant 𝜏𝛼 = 𝑅CT × 𝑄1 ranges between
0.9 𝜇s and 0.5 𝜇s for the analyzed devices, as shown in Table 3.

The dependence of this time constant on bias voltage can
be related to the different reactions inside the bulk material
and at the interfaces with themetal contacts. For bias voltages
below 1V, for both devices, the reaction rates are the same.
A strong increase of the 𝑉BIAS induces a marked decrease
of the time constant to values of about 0.5 𝜇s. This means
that the reactions involved in the device are changed. This
is also confirmed by the results, shown in Figure 2, where
an enhancement of the current density up to a value of
0.1mA/cm2 at 5 V is found. Moreover, the filler addition to
gelatin hinders the charge transfer process with a consequent
increase of the 𝑅CT value. Conversely, the value of the “true”
capacitance 𝐶dl is reduced to about 50% of its original value.
Therefore, the resulting value of 𝜏 does almost not change
with the addition of the graphene sheets to the biopolymer.
A marked drop of the 𝛽 value with the increasing of the𝑉BIAS
is probably due to the diffusion of the ionic species [15].

Only with a value of 𝛽 of about 0.5, the equivalent
impedance (CPE

2
) becomes a pure𝑍

𝑊
and describes the lin-

ear semi-infinite diffusion, which obeys the second Fick’s law.
Therefore, at low frequency, being the diffusion of the charge
carriers, the dominantmechanism, a clearmodification of the
AC electrical impedance is evident, as shown in Figures 6 and
7. At high frequencies, the diffusion part becomes negligible
as compared to the charge transfer mechanism.

4. Conclusion

The electrical characterization of a gelatin/graphene system
has been performed at room temperature using impedance
spectroscopy and current density-voltage measurements. An
addition of graphene sheets to the biopolymer results in an
enhancement of the electrical power transfer to the load due
to a decreasing series resistance, without a decrease of the cell
open circuit voltage.Themodeling of the frequency behavior
of the electrical impedance reveals for any applied voltages a
marked diffusion process at low frequencies. In the frequency
region, where the charge transfer mechanism is dominant,
the time distribution of the reaction rates reveals that several
multiple step reactions occur in the device, especially at
high values of the applied forward bias voltages. The new
gelatin/graphene nanocomposite material is a promising
material for low cost power electronic applications, with
the particular advantage to use only naturally occurring
biopolymers with limited postprocessing necessity. A further
improvement of the quality of the graphene samples, for
example, by increasing the number of graphene layers and
hence the associated surface area, should lead to a better
energy storage capability.
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