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Abstract: The gas diffusion layer (GDL) in the fuel cell has been made from carbon dispersion
electrochemically deposited from binchotan. We prepared GDL by spraying the ink on the surface of
the conductive paper. The carbon was then characterized by its crystallography, surface functional
groups and size by x-ray diffraction (XRD), FT-IR and PSA instrumentations. Cyclic voltammetry
and impedance spectroscopy tests were applied to study the GDL electrochemical characters. Buble
drop tests were used to obtain contact angles representing the hydrophobicity of the layer. The
electrodeposition/oxidation of binchotan derived carbon dispersion has a crystalline phase in its dot
structure. According to particle size analysis, carbon dispersion has an average particle size diameter
of 176.7 nm, a range of 64.5-655.8 nm, and a polydispersity index was 0.138. The Nyquist plot
revealed that the processes in the GDL matrices as the plot consist of two types of structures, i.e.,
semicircular curves and vertical (sloping) lines. The GDL electrical conductivity of Vulcan and
carbon dots were 0.053 and 0.039 mho cm™'. The contact angle between conductive paper and water
was 150.27°; between the gas diffusion layer and carbon Vulcan was 123.28°, and between the gas
diffusion layer and carbon dispersion was 95.31°. The surface of the GDL with Vulcan is more
hydrophobic than that made with carbon dispersion. In other words, the GDL with carbon dispersion
is closer to hydrophilic properties. The results show that the carbon can support the gas diffusion
layer for hydrophobic and hydrophilic conditions.
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1. Introduction

The gas diffusion layer (GDL) is a porous carbon-based substrate which is typically layer
substrate between the support and the catalyst layer of membrane electrode assembly (MEA) serve as
catalyst support and medium for electron transfer. The distribution of fuel at the anode and oxygen at
the cathode is facilitated by GDL. The nature of the starting material, i.e., surface functionality,
crystalinity and particle size of carbon affects the properties of the GDL, i.e., hydrophobicity,
electrochemical, electrical conductivity, and pores, which in turn affects the performance of the fuel
cell [1], Gu et al. [2] reported that hydrophobic material can be achieved by using controlled
functionalization of carbon nanotubes. Crystalinity of carbon affects both electrochemical and
electrical of carbon electrode as reported by Yoo et al. [3]. The electrical conductivity of carbon is
expected to be high in order to carry the charge electronically. Carbon particle size is known to greatly
affect the pore size of the electrode, therefore it affect the ionic transport [4].

There are some cross factors where the properties described previously affect each other. GDL
with low conductivity cause the reactant and product diffuse easily. GDL is made to be porous to allow
more ions enter MEA matrix [5]. It promotes charge transfer from the electrolyte to MEA, vice versa.
It is suggested that the gradual improvement of the electrochemical performances of carbon electrode
is mainly a consequence of the simultaneous increase in conductivity [6].

The layer is currently produced using carbon-based materials such as carbon paper, carbon cloth
or carbon nanotubes [7] which is made its pores [8] binding with polymer, such as
Polytetrafluoroethylene (PTFE). Schweiss et al.@] reported that impregnation of hydrophyllic agent
such as multiwall carbon nanotubes in GDL can enhancement of proton exchange membrane fuel cell
performance. Carbon fiber used in coating GDL gave highest cell voltage under both dry and wet
operating conditions [10]. (6|

Hydrophobic binder is employed to increase the contact angle with the water, therefore t fuelcell
flooding can be prevented [11]. Inversely, the imprenation of hydrophilic carbon material to the GDL
control its hydrophobicity. The regulation of hydrophobic - hydrophillic is needed to give a balance
between the presence of water and its removal. This setting is required only a few microns in length in
the GDL matrix but significantly affects the fuelcell performance and durability [12]. A detailed
description of the fuelcell's performance and durability can be found in Borup's article [13].

The use of binchotan in fuelcell and GDL has not been previously reported. The binchotan has
conductivity due to its thermal process, typically ~1000 °C [14]. At this temperature, most of fibers in
biomass have been converted to graphitic carbon [15]. Preparation of carbon dispersion from
binchotan has been reported that electrochemically oxidation of binchotan using strong acid produced
carbon with dots structures and aggregates in its aquoeus dispersion [16]. The direct use of dispersion
in carbon water can simplify the GDL preparation.

There are several methods to prepare the GDL including casting, spin coating, spraying,
electrodeposition and doctor blade [17]. The doctor blade coating method has advantages, especially in
control the thickness of the layer [18]. This method gives good results that the layer distributed
homogenously throughout the support areas with efficient and accurate steps in the process, compared
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with that of the hand painting procedure. The method of making GDL affect the electrochemical
activity and electrical conductivity of the electrode [19]. These results can be achieved because the
contact between the carbon ink and support run smoothly and evenly. It has been reported that the use
of doctor blade methods in preparing GDL show good result for its electrochemical and electrical
properties [20].

The electrochemical activity of the GDL can be determined by characterizing the GDL using the
cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) methods on potentiostat.
The electrical conductivity was calculated from the electrochemical impedance spectroscopic (EIS)
measurement data [21] instead of cyclic voltammetry [22]. Buble drop test was used to obtain contact
angle representing hydrophobicity. The instrumentations are employed to validate the all properties
mentioned in the previously regarding that the binchotan is new material for use in fuel cell.

2. Materials and methods

2.1. Materials

Binchotan was purchased from our local manufacturer in Indralaya, Indonesia. Chemicals were
purchased in analytic grade, were carbon black Vulcan XC72R (Cabot) used with no further
purification, conductive paper (Avcarb), potassium hyroxide (Merck), sodium hydroxide (Merck),
polytetrafluoroethylene (PTFE) emulsion (Merck), Nafion emulsion (Merck), methanol (Merck),
Whatmann filter paper no. 42 and distilled water.

2.2. Preparation of carbon and characterization

Carbon preparation was carried out in two stages as reported in our other paper [16]. The first
stage is electrolysis and the second is sonification. The electrolysis of the wood binchotan employed
two electrodes, i.e., titanium plate and a piece binchotan as anode and cathode. Both electrodes were
placed in beaker containing 75 mL of 8 M potassium hydroxide solution as electrolyte. The anode and
cathode plates were connected to both poles of 9 volts power supply for 24 hours. This stage produced
relatively coarse particle of oxidised carbon. carbon particles are left in solution for second step. The
solution s sonicated 2 hours in bath to obtained fine carbon solution for use in preparing GDL.

The carbon was then characterized its crystallography, surface functional groups and size by x-ray
diffraction (XRD), FT-IR and PSA instrumentations. Crystallographic characterization was carried out
using XRD Rigaku MiniFlex at angle of 20 to 80° with the measured sample in powder form. Surface
functionality was determined by using Shimadzu Prestige 21. The size of carbon particle was
measured using particle size analyzer (PSA). Several methods can be used in determining particle size,
generally using imaging particle analysis [23] instead of PSA. The use of PSA has advantages over
other methods because the measurements are carried out in bulk and are measured as a size
distribution [24]. PSA uses the principle of dynamic light scattering [25]. The carbon solution was
taken 1 mL, put into the cuvette, then the cuvette was irradiated by visible light so that diffraction
occurred. Scattered light happens when the light/photon hits small particle to undergo Brownian
motion. The particles size and its distribution are determined using second order autocorrelation curve
of time scale of the particle motion. The curve is derived from autocorrelation function of light
intensity trace during the experiment runs.

AIMS Energy Yolume 10, Issue 2, 292-305.




2.3. Preparation of the gas diffusion layer

Gas diffusion layer (GDL) was made of carbon, binder, and the support. The carbons used as
the matrix of GDL were vulcan and carbon binchotan dispersion. The binder used was PTFE
emulsion (Merck), nafion (Merck). The support was conductive paper (Avcarb). Total of 0,2 g carbon
was dissolved in 10 mL isopropil alcohol and then added 0,0748 g of nafion, 1.5 mL of isopropyl
alcohol and 0.0748 g of Nafion solution were added in the mixture. A 0.293 g of PTFE was added to
the mixture, after stirred for 1 hour. The mixture was homogenized for 30 minutes in magnetic stirrer
and sonicated for 5 minutes to obtained a homogeneous paste. The pasta poured on to 4 cm x 4 cm
support and leveled with doctor blade rolling machine to form layer. The layer was dried in the oven
for 30 minutes at 80 °C. The GDL was obtained after heating in the furnace for 3 hours at 350 °C and
characterised to study its properties.

2.4. Characterization of the gas diffusion layer

2.4.1. Cyclic voltammetry measurement

Electrochemical characterization of the GDL was studied in a three-clectrode set upgonnected to
PGSTAT204 Autolab Metrohm potentiostat. The GDL was working electode. Pt wire and Ag/AgCl
were used as counter and reference electrode. The measurement was done in the electrolytes, 25%
NaOH without the use of additional current collector. The use of NaOH as electrolyte in
electrochemical system was reported in Wei et al. [26]. There is a trade off between the na:l of
electrolyte conductivity and the resistance of electrode corrogpn in that concentration [27]. The cyclic
voltammetry (CV) method was conducted at scan rates 25 mV s to investigate the charge storage
mechanism of the electrodes and to calculate their electrochemical surface area. It is expected that the
GDL does not show a faradaic process in its voltammogram. Rectangular shape of voltammogram
means that only ion adsorption and desorption takes place in the layer [28].

2.42.  Electrochemical impedance spectroscopy Measurement

Electrochemical impedance spectroscopy was performanced in PGSTAT204 Metrohm
Potentiostat combine with the FRA (frequency response analyzer) module. It uses three electrodes, i.e,
the GDL was working electrode, Ag/AgCl was reference electrode and Pt wire was counter electrode.
The FRA module generates user-defined frequency of AC voltage sine wave superimposed with the
small applied DC voltage. The AC voltage and the current components before and after being
superimposed were acquired by the two channels of FRA. The phase angle shift and total impedance
are two parameters read first. The transfer function, real and imaginary part of impedance, Z" and Z',
are next and calculated from available data. The results of data processing are displayed as Bode and
Nyquist plots.

The first command is used to perform complete frequency scan. The frequency scanning runs
from 1 mHz to | MHz to have experimental data. The analysis of the data is usually performed by
fitting the experimental data as a circular portion of the Nyquist plot of complete frequency scan with
calculated data from the equation [29].

The equation of the electrical circuitry is employed to draw semi-circle plot fitted to the -Z"
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versus Z' (nyquist) plot of EIS measurement in Nyquist plot. A circuit model designed by an array of
ideal components (resistor R, capacitor C and inductor L) connected in series or parallel to reproduce
the experimental EIS spectrum. The plot is interpreted to represent the movement of
molecules/particles such as the charge/mass transfer, diffusion, electrochemical double layer, ion
adsorption, coating, electrical resistance, corrosion, conductivity, and electrochemical reactions.

2.43. Electrical conductivity measurement

The value of the electrical conductivity of gas diffusion layer (GDL) was calculated from the
measurement results of electrochemical impedance spectroscopy (EIS) on PGSTAT204 Metrohm
Potentiostat. The data obtained in this measurement is Nyguist plot graph using NOVA software where
the x-axis is the real resistance and the y-axis is the imaginary resistance. The Nyguist plot is fitted to
the equivalent circuit (Figure 1).

Rp

Rs

CPE

Figure 1. Equivalent circuit for calculating conductivity of gas diffusion layer.

The values for Rp and Rs were obtained from the EIS measurements by using the recorded current
response of the electric charge from the electrode interacts with the electrolyte solution [30]. The CPE
is the constant phase element that is defined as frequency-independent of capacitive properties for the
circuit. Therefore it gives the complexity of capacitance and inductance [31].

The total real resistance (impedance) and conductivity were calculated from EIS data using Eqs 1-3.

— Rp
Z=Rs+ T2 (1)
ZxA
pP=—" 2)
1
K= 0 3)

Z is the electrical resistance of alternating current (AC) with units of ohm (£), is resistance (Q2cm), | is
thickness of the layer (cm), A is the surface area (cm?), and K is conductivity (mho cm™).
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2.2.4. Hydrophobicity measurement

The GDL was placed on the top of plat and clean surface. Digital camera with a macro lens was
set to take photos of water droplets from the side as the bubbles can be presented properly. A drop of
water was placed on the surface GDL using glass pippete creating buble. The static state of the bubbles
was formed shortly after the water droplet contact with GDL surface. Angles between the buble and
the surface are varies from one to other depend on surface hydrophobicity. Photos were taken using
digital camera with macro lens and processed digitally to produce the best contrast, sharpness and
clarity. The contact angle was measured to the photos using On Screen Protractor software.

3. Results
3.1. The carbon dispersion properties

The carbon dispersion was derived from the electrodeposition/oxidation of binchotan using
method as described in our other report [16]. The crystallographic characterization of carbon was
carried out in the measurement range 26 = 0° to 80° to the carbon powder after the dispersion was dried.
The XRD diffractogram in Figure 2(a) shows the crystallinity as peaks at 28 = 26.88° and 45.5°.
Typical peaks of crystalline carbon appear at 20 = 24° to 28° for the (001) and 43° to 46° for (110)
planes [32]. The (001) plane is the end plane, which plane built the thickness of crystalline carbon,
while the (011) is the the broad dimensions of crystalline. The existence of crystalline phase in carbon
gives its electrical conductivity.

Colloidal stability of carbon affect its dispersibility and its spreading on the support when carbon
ink is sprayed. This spread affects the charge transfer between particles and particles to the support. The
colloid particles according to Colloidal Foundations of Nanoscience vary between 1 nm to 1 pm [33].
The analysis of particle size analyzer (PSA) in Figure 2(b) shows the size distribution of the dispersed
carbon particles. The distribution of pan'cle size is indicated by the Pdl value (polydispersity index) [34].

The graph states that sample has an average particle size diameter of 176.7 nm, with a
polydispersty index (Pdl) of 0.138. The PdI has a value range between 0O to 1, for Pdl values with a
range of 0-0.5 indicating a homogeneous distribution of particles and IdI with a value range of more
than 0.5 indicating that the particles have a high level of heterogeneity or polydisperse [35]. It can be
seen that the carbon dispersion from binchotan belongs to the nano-micro size. The diameter of the
carbon powder particles is measured in the liquid. It can be seen that all particles is in sub-micron,
about 1/5 in nano-size. This dispersion condition is affected by the size of carbon particle and the
environmental such as solvent and dispersant [36]. If the carbon is not completely dispersed in
dispersant, clumping occurs. Clumping causes the particle size to be inconsistent that cause the
particles to read larger in PSA measurement [37].

The FTIR spectra (Figure 2(c)) showed the absorption at 1600 cm™, 1100 cm™'-952.5 cm'! as
expected, meaning that carbon in dispersion has C=C aromatic and C=C alkene group in the surface.
This functional group is needed to support the charge transfer process that occurs on carbon. The
electron cloud at C=C aromatics aids the movement of electrons in the basal plane.
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Figure 2. Graph of (a) diffractogram of carbon dispersion, (b) PSA of carbon dispersion,
and FTIR spectrogram of (c) carbon vulcan (d) carbon dispersion.
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3.2. Morphology of gas diffusion layer

The GDL provides media to gas sprening through all over the area in the surface. The GDL has
character that follows the material sprayed on the surface of the conductive paper. The sprayed material
or substrate forms single layer (GDL), the other is double layer along with the micro layer [38]. GDL of
the carbon binchotan consists of grains that aggregated on a matrix of conductive paper fibers as can be
seen from Figure 3 (a). Aggregate are the carbon binchotan covered by solidified electrolyte residue
from electro-oxidation process. The electrolyte KOH previously dissolved in the solvent solidified in
the drying process. The dark part of the GDL matrix is PTFE which is used as a binder. This
explanation has been reported in a previous article [16]. GDL with carbon vulcan has more ordered
structure with fiber about 5-10 um in diameter and pores (Figure 3 (b)). The fiber structure in GDL
with vulcan is derived from the original structure of the conductive paper used to form GDL. Dark part
in the GDL matrix is PTFE. Pores in layer provide a pathway to promote gas/liquid distribution to
other layer.

Figure 3. Morphology of gas diffusion layer with support from (a) carbon dots and (b) vulcan.
3.3. Electrochemical character

The existence of the processes in the layer can be seen from size and shape of the curve and peaks
in voltammogram. The voltammograms show the processes of reduction, oxidation, and
adsorption-desorption process. The measurements were carried out with scan rate 25 mVs™! at half cell
of GD[nn working electrodes. The GDL has a character fits the character of the material that is
sprayed on the surface of the conductive paper. The GDL in a fuel cell can consist of a single layer ora
double layer (GDL and micro layer) affecting non-faradaic process which is ionic
absorption-desorption.

Figure 4 (a) shows voltammograms of two types of the GDL based on the carbon used. Both
voltammograms show no oxidation-reduction process in the potential range of —0.75 to 1 volt. The
capacitance of GDL with carbon dispersion measured from the voltammogram is 1/10 of that of GDL
with vulcan. The low capacity of GDL with carbon dots is due to the pores of conductive paper being
closed by the carbon. Carbon dots in dispersion has tendency to agglomerate. These factors cause the
ions in the electrolyte to not be able to enter further, so the charge transfer process is much reduced.

Transport processes in GDL as rggponse to the electric signal can be detected by electrochemical
impedance spectroscopy (EIS). The impedance values of these elements are related to real system
electrochemical processes such as electron charge transfer, diffusion processes, electrochemical
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double layer capuitance determination, ion adsorption mechanism, mass transfer kinetics, and
conductivity [39]. This impedance response is commonly observed in electrochemical systems where
any chemical species, ions or molecules move towards the surface of electrode due to the applied
electric field and are then physically adsorbed on the surface forming an electrochemical double layer..

There are semicircular curves and vertical (sloping) lines exists in the two Nyquist plqgg (Figure 4(b)).
The semicircle on the curve corresponds to a resistance that is primarily determined by its diameter
over the entire frequency range, specifically for the charge transfer process, the magnitnle is indicated
by the diameter of the semicircle in over the entire frequency ranges. [40]. The process is accompanied
by second inductance response below the semggrcle at low frequency, which means non-faradaic
process [41]. A straight line at an angle of 45° to the abscissa means the diffusion of the reactants.
Therefore, the Nyquist plot, as shown in Figure 4(b), is typical for coupling between
non-electrochemical or electrochemical processes that occur in the layer and a diffusion process.

The diffusion is an important process in GDL. The fuel and oxygen are distributed to carry out
electrochemical reactions. The diffusion is affected by materials that build GDL. Carbon binchotan ink
has more chemical group functionality [16] that carbon vulcan that make electrolyte interacts with
the layer more frequently and diffusion takes place greater.
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Figure 4. (a) Voltammogram of GDL with carbon vulcan and carbon binchotan (b)
Nyquist curve from EIS measurement for GDL with carbon vulcan and carbon binchotan.

Table 1. Conductivity results from the calculation EIS experiments using the model in Figure 1.

No GDL types Rs (ohm) Rp (ohm) Z (ohm) K (mho cm™)
1 Conductive paper —3.102 8.272 5.171 0.129
2 Vulcan -130.74 143.30 12.56 0.053
3 Carbon binchotan —128.86 14581 16.95 0.039

An array of ideal components (resistor R, capacitor C, and inductor L) connected in series or
parallel is designed as a circuit model and produces the fitted EIS plot. The Eq (1) is applied to draw a
circle or semi-circle contained in the -Z" versus Z' (Nyquist) plot and fitted to the result of the EIS
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measurement to calculate conductivity using Egs (2) and (3). The results of the conductivity
calculation are in Table 1. The conductivity of both GDLs decreased 10-20 times from their
support (conductive paper), as carbon binchotan's GDL has the same order as the Vulcan. These values
indicate that carbon binchotan meets one of the requirements for GDL.

3.4. Hydrophobicity characteristics

Thg)hotograph in Figure 5 determines the contact angle between the water droplet and the GDL
surface. The contact angle between the conductive paper and the water droplets is 150.27 as a basis for
comparing the changes after being formed into GDL, using carbon binchotan dispersion and Vulcan.
The angle between GDL with Vulcan and water droplets is 123.28, and GDL with carbon binchotan
and water droplets is 95.31. The carbon paper shows a larger contact angle. The carbon paper used as
the primary support material is hydrophobic at first, in case adding a GDL material causes a decrease in
the contact angle or is less h}a'ophobic. The contact angle formed is less hydrophobic. Liquids on the
@rface of the layer interact with open-chain aliphatic hydrocarbons have low surface tensions. The
hydrophobic pores in the GDL can be filled when in ggntact with this liquid. Water, with relatively
high surface tension, fills only the hydrophilic pores. The surface of the GDL with Vulcan is more
hydrophobic than that made with carbon dispersion. In other words, the GDL with carbon dispersion is
closer to hydrophilic properties. The contact angle of the GDL was determined to be ~90° which
indicates the hydrophilic nature of the layers in GDL.

The GDL character in repelling water from crossing both sides of the layer is related to
hydrophobicity. On the other hand, when the water enters the opposite side of the MEA, the unwanted
process called cross-over happens. This process drains stored electrical charge in ions, as can be
inferred from the slopes of the curves in Figure 4. Therefore diffusion in carbon dispersion ran faster
than in carbon Vulcan.

(a)

Figure 5. a'gitalized photograph of water buble for measuring the contact angle between
water and the surface of (a) conductive paper (b) gas diffusion layer with carbon vulcan
and (c) gas diffusion layer with carbon dot on conductive paper.

Carbon binchotan or Vulcan and Nafion were mixed and stirred to make ink. Fluorocarbon, such
as PTFE, was used as a binder that gives hydrophobic character to the GDL [42]. The ink was sprayed
on the surface of the conductive paper (support) to form GDL with some degree of hydrophobicity.
The hydrophobic surface of GDL has tension that creates a bubble if water is dropped. The composite
of PTFE and proton transfer polymer (Nafion) can be used to produce the required character to get
efficient proton transport, such as the balance between water and air transport for regulatory
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mechanisms. Removing excess water from GDL makes the path for mass transportation under high
operating conditions run smoothly. PTFE treatment is the primary but essential procedure of the GDL
substrate preparations, which provides more uniform hydrophobic characteristics that help remove
water, i.e., reduces water accumulation to prevent cell flooding and provides more pathways for
transport of GDL.

Several treatments are applied to give specific characteristics to the GDL. Most of these treatments
make it hydrophobic to avoid flooding in the cell, as seen in GDL with carbon Vulcan (Figure 5(b)). It is
explained in other reports that hydrophilic carbon under dry and wet conditions for better liquid/gas
diffusivity, largest pore diameter, pore volume to reduce flooding at the cathode and the highest cell
voltage [10]. The appropriate coating of hydrophilic material the hydrophobic is effective for
reducing flooding in the fuel cell, thereby enhancing the performance [38]). The GDL with
hydrophobic-hydrophilic substrates is a promising candidate to handle both ion and electron transfer [43].
Loss of water content in the membrane decreases ionic conductivity, thereby increasing the internal
resistance of the cell.

4. Conclusions

The electrodeposition/oxidation of binchotan derived carbon:[ispersion has a crystalline phase in
some nanoscale portions. Carbon binchotan dispersion in water has an average particle size diameter
of 176.7 nm, a range of 64.5-655.8 nm and a polydispersity index (PDI) of 0.138 according to the
particle size analysis. The carbon dispersion has potence to apply in GDL. The diffusion medium for
anode and cathode usually B immersed in PTFE solution and nafion emulsion, followed by drying
and sintering to form GDL. The GDL with Vulcan has more pores than carbon dispersion. The GDL of
the carbon dis&rsion consists of grains that are aggregated on a matrix of conductive paper fibers as
their support. The Nyquist plot revealed that the processes in the GDL matrices as the plot consist of
two types of structures, i.e., semicircular curves and vertical (sloping) lines exists. The GDL electrical
conductivity of Vulcan and carbon dots were 0.053 and 0.039 mho cm"gilectrical conductivity of
GDL is needed to ensure better contact between GDL and catalyst layer. The contact angle between
nductive paper and water is 150.27°; between GDL and Vulcan carbon, 123.28° and between GDL
and carbon dispersion is 95.31°. The surface of the GDL with Vulcan is more hydrophobic than that
made with carbon dots. In other words, the GDL with carbon is closer to hydrophilic properties. The
application of carbon binchotan shows its potency in supporting the GDL. The appropriate coating of
hydrophilic material needs to be developed to make a more effective layer for reducing flooding in the
fuel cell, thereby enhancing the performance. Fuel cell generally uses external humidifiers to prevent
dehydration of the membrane in its operation. Simplifying the operation of the fuel cell by removing
external humidification is a step toward increasing the performance and reducing operating costs.
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