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a b s t r a c t

This research reports fabrication of three Polymer Electrolyte Membrane fuel cells (PEMFC) using
composite of gold nanoparticles and nanotube graphene by varying concentration of Gold nanoparticles.
The outer most layer of multiwall carbon nanotubes is un-zipped and nano ribbons of graphene are
developed to attain a durable electrode. Moreover, the addition of gold nanoparticles adds benefit of
better conductance over usual platinum electrodes. The effect of changing gold concentration on
properties of composite material as well as fuel cell performance is investigated. The presence of gold
nanoparticles and graphene nano-ribbons attached to carbon nanotubes are identified using SEM, TEM,
and Raman analysis. Cyclic voltammetry analysis has showed that increase in concentration of gold nano
particles improves the performance of fuel cell. EIS analysis reveled that the polarization resistance
decreased by increasing the Au concentration. Thermal Gravimetric Analysis proved the thermal stability
of composite material. Maximum power density of 242.29 mWcm�2 is achieved for the highest con-
centration of Gold nanoparticles.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

With the increase in energy demand due to global population
and industry requirement, qualitative research has been done to
develop alternate energy systems in last two decades. Fuel to en-
ergy conversion of fossil fuel combustion systems is up to 30% but
its sources are diminishing and about 70% energy of fuel is lost as
heat. Over conventional energy sources, Fuel cells have advantage
that the energy source is non-depleting, no harmful by product, low
energy cost and do not depend on depleting sources [1].

The fuel cell system is an outstanding technique which converts
chemical energy of hydrogen (fuel) into electrical energy by
releasing electrons [2].

Polymer Electrolyte Membrane fuel cell has better efficiency,
tif).
abundant fuel source, approximately zero emission, higher power
density, quick start-up and quiet operation [3]. Hydrogen (H2)
formed by dissociation of water molecule releases an electron and
transfers it to other side of fuel cell. Of many issues including
degradation of membrane, exhaust of electrode in the early stages
main issue is the PEM electrodes [4]. Commercially available plat-
inum (Pt) is most common catalyst material used for the oxygen
reduction reactions (ORR) at cathode [5], but due to expensive cost
of platinum there is a limitation to power generation at large scale.

The selection of material for PEMFC electrode is the task that
should be done while keeping some factors in mind, it must be
durable, cost effective and also have improved efficiency for the
transport of protons [6]. Beside these factors, thermal conductivity
must also be taken into account [7,8].

To enhance the performance of fuel cell the materials used for
electrode structure are very important. Monolayer graphene sheet
has benefits of large surface area, better conductivity and catalytic
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activity. Because of these outstanding characteristics graphene has
become a promising candidate for applications in PEM fuel cell [9].
Graphene also has ability to permit fast transport of protons and
selective separation of ions. PEM fuel cell allows to transfer proton
and blocks the water molecule. So it is possible to transmit only
hydrogen ions towards the PEM membrane by introducing gra-
phene along with metallic nanoparticles in catalytic process.

PEM fuel cells suffer due to high cost of electrodes and mem-
brane [10,11]. This research project reports an attempt to fabricate
an efficient PEM fuel cell using composite of graphene nanoribbons
with varied concentrations of gold nanoparticles as a reduction
electrode. Three PEM fuel cells were fabricated with varied con-
centrations of gold nanoparticles. The materials used here are
cheap and their synthesis technique is also simple.

2. Experimental section

Fig. 1 schematically shows the exfoliation of MWCNTs into
graphene nano ribbons along with un-zipped CNTs. It also de-
scribes the formation of Au nano particles decorated nano tube
graphene composite for the application in PEM fuel cell.

Nano ribbons of graphene were synthesized by exfoliation of
MWCNTs followed by the pretreatment of strong acid and dried at
high temperature and low vacuum in furnace to avoid damaging
the combustible carbon content. Briefly, 0.5 g of MWCNTs were
dissolved in 20 ml concentrated H2SO4 and continuously stirred for
48 h. Then, 2.5g of KMnO4 was slowly added to the ongoing reac-
tion (pH < 3). Then, 5ml of H2O2was added dropwise in an ice bath.
The solution was stirred at 65 �C for 2 h and centrifuged at
8000 rpm. The pH of 4 was achieved by several times washing
residual with 5% hydrochloric acid (HCl) solutionmixed with water.
The thick residual was dried at 900 �C in vacuum furnace in
ammonia environment [12].

For gold nanoparticles, 20 ml of 1 mM chloroauric acid
Fig. 1. Schematic diagram of PEM fuel
tetrahydrate (HAuCl4) solution was heated at 400 �C. Then, 2 ml of
34 mM TCD solution was added and stirred for 20 min until the
color of solution begins to change to purple. Heat was then
removed and solution was allowed to cool, the color transition
takes place from purple to red wine in this step [13].

The NT-G ink is formed by addition of 30 mg NT-G and 0.3g of
SDS to 30 ml of deionized water and dip sonicated for 75 min. The
resultant solution was centrifuged at 7000 revolutions per minute
(rpm) for 30 min [14].

The NT-G ink was then put in a beaker and gold nanoparticles
were added in it and dispersed using dip sonicator. Three different
samples were prepared with different concentrations of gold
nanoparticles. The ratio of Au-NP to NT-G is 0:5, 1:5, 1:2.5, 1:1.6
later named as 0% Au-NT-G, 20% Au-NT-G, 40% Au-NT-G, and 60%
Au-NT-G. Gold nanoparticle solution was added in 4 ml of NT-G
solution. The beaker was stirred and sonicated for an hour. The
homogenous solution was centrifuged at 7000 rpm for 30 min. All
prepared three samples were then deposited using spin coater at
3000 rpm on Toray carbon sheet of size 10 mm � 10 mm.

The present study provides a detail account of how the varia-
tions in concentration of gold nano particles affect the character-
istics of synthesized nano composites and their corresponding
behavior for PEM fuel cell as a catalyst. After fabrication the sam-
ples are analyzed by characterization techniques like thermal
gravimetric analysis (TGA), transmission electron microscopy
(TEM), scanning electron microscopy, Raman spectroscopy and
cyclic voltammetry (CV). Finally, all the samples were tested in PEM
fuel cell assembly for their performance.

3. Analysis

3.1. Structural morphological and elemental analysis

To reflect the surface morphology and structure of composite
cell. Synthetic route of Au-NT-G.
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SEM and TEM analysis were carried out respectively. SEM image in
Fig. 1 (a) shows the surface morphology of thin film of Au-NT-G
composite spin coated over carbon sheet. This image shows the
fibrous structure of carbon sheet. For further investigation selected
area of this micrograph is magnified. The magnified images shown
in Fig.1b and (c) reveal that CNTs are randomly dispersed on fibrous
structure of carbon sheet. The partially un-zipped CNTs have
formed ribbon like graphene sheets which are attached to
remaining CNTs. The presence of gold nanoparticles is not
confirmed by SEM analysis.

The TEM micrograph of composite shown in Fig. 1d proves the
existence of gold nanoparticles, graphene nano-ribbons, nano tube
graphene and CNTs. The spherical shaped black dots represent the
gold nano particles, strands like structures represent CNTs. Both
CNTs and gold nano particles are dispersed on ribbon like graphene
nano-sheets [15]. EDS spectra in Fig. 2g shows elemental analysis of
the composite and Au and C peek are evident in the spectra.

Fig. 2e displays combined Raman spectra of all three samples to
observe the presence of bands in the carbon based materials and to
measures disorder due to its high sensitivity towards changes in
structure of carbonaceous materials. The main aspect of Raman
spectra is D and G-band in carbon materials. D- Band (defect band)
is attributed to A1g-zone boundary mode due to the disorder in sp2

hybridized structure has very low intensity in all Au-NT-G samples.
G-band due to CeC stretching mode is present in all carbon based
materials. In present case, G-band due to the E2g of group theory at
Fig. 2. (a, b, c): SEM images of Au-NT-G composite thin film on carbon sheet at different mag
of sample 1, 2 and 3. (f) G- Band location in Raman Spectra (g) EDS spectra of Au-NT-G.
G-point was present at 1582.8 cm�1, 1581.8 cm�1, 1581.9 cm�1 and
1584.6 cm�1 for NT-G, 20% Au-NT-G, 40% Au-NT-G and 60% Au-NT-
G respectively. Using these values of G- Band, graphene was found
to be monolayer in each case. The double resonant 2D Raman peak
due to second phonon scattering was present at 2707 cm�1,
2708 cm�1 and 2723 cm�1 with an increased intensity for higher
concentration of gold nanoparticles. The peak for gold nano-
particles was present at 734 cm�1.

Fig. 2f shows the Raman spectra for 20% Au-NT-G, 40% Au-NT-G,
and 60% Au-NT-G. It allows to observe the presence of bands in the
carbon based materials and to measures disorder due to its high
sensitivity towards changes in structure of carbonaceous materials.
The G (graphitic), D (defect) and 2D (second order harmonic to D)
bands are visible. Themain aspect of raman spectra is D and G-band
in carbon materials. D- Band (defect band) at 1365.8 cm�1 is
attributed to A1g-zone boundary mode due to the disorderness in
sp2 hybridized structure has very low intensity in all Au-NT-G
samples. G-band due to CeC stretching mode is present in all car-
bon based materials. In present case, G-band due to the E2g (raman
active mode) of group theory at G-point was present at
1583.4 cm�1, 1581.7 cm�1 and 1581.1 cm�1 for 20% Au-NT-G, 40%
Au-NT-G and 60% Au-NT-G respectively. Using these values of G-
Band, graphene was found to be monolayer in each case. The
double resonant 2D raman peak due to second phonon scattering
was present at 2709.4, 2714.3 and 2725.2 cm�1 for 20% Au-NT-G,
40% Au-NT-G and 60% Au-NT-G respectively. The peak for Au-NP
nifications. (d)TEM image of Au-NT-G composite (e) Combined graph for Raman spectra
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was present at 730.6 cm�1 with an increased intensity for higher
concentration of Au-NP [16e19].

3.2. Cyclic voltammetry

Cyclic voltammetry diagnostic was performed to study the
electrochemical behavior of Au-NT-G samples in 0.1 M HClO4

electrolyte solution with platinum electrode as reference electrode
and catalyst solution was deposited on glassy carbon electrode
(GC). Ourmain concernwas to study the electrochemical properties
of composite after the addition of gold as without gold, NT-G
complex have been observed before [12]. The electrochemical
HOR and ORR activity was evaluated from the CV curves for all the
three samples shown in Fig. 3. The peaks for oxidation reduction
reactions showed that the sample with 60% Au concentration has
better electrochemical activity while sample with 0% Au-NP con-
centrations has shown worse electrochemical behavior among all
the samples. Also, the cathodic current was found to be increased as
the concentration of Au nanoparticles was increased; a clear indi-
cation towards increase in electrocatalytic activity in the oxygen
reduction reaction.

The reduction and oxidation peaks current for NT-G, 20% Au-NT-
G, 40% Au-NT-G and 60% Au-NT-G were at �0.5 mA, 0.496 mA,
6.446 mA, 8.738 mA and 0.863 mA, 1.933 mA, 4.039 mA and 8.069 mA
respectively.

The D band related to defects in Raman spectra and TEM
micrograph confirms the presence of defects in structure of gra-
phene. Recent research has shown that the defect rich carbon
materials can catalyze oxidation reduction reaction effectively in
both acidic and alkaline electrolytes [20]. Graphene nano-ribbons
(GNRs) are promising material for catalyst due to numerous de-
fects along edges and larger aspect ratio [21]. The method we have
used to unzip the MWCNTs creates zig-zag type carbon along the
edges of graphene nano-ribbons [22]. CNTs prevent stacking of
graphene nano-ribbons in catalyst layer. Carbon sheet introduced
in catalyst layer further separates GNRs and CNTs and this facili-
tates the transport of mass in catalyst layer to confirm use of de-
fects. As a result, stable and efficient catalytic activity proceeds [23].

Results obtained from CV curves are tabulated in Table 1. It is
observed that enhancement in catalytic activity depends on con-
centration of gold nano particles. Gold catalysts are highly active
towards ORR [24]. We have used gold nanoparticles (Au-NP) along
with nano tube graphene and un-zipped MWCTs in catalyst layer. It
is observed from the CV analysis increase in concentration of gold
nanoparticles leads to enhancement in electro-catalytic activity of
Fig. 3. Cyclic voltammograms for 20% Au-NT-G, 40% Au-NT-G, and 60% Au-NT-G.
electrode. This is because metal doped graphene materials in-
creases the active surface area of electrodes [25]. So Au-NT-G
composite material holds great potential for developing novel
electrodes for PEM fuel cells.

3.3. Electrochemical impedance spectra (EIS) analysis

Fig. 4 shows the Nyquist plot for all the samples. It can be seen
from the plot that diameter of impedance curves have decreased by
increasing the percentage of the Au particle in the composite.

Electrolyte resistance (Rs), coating resistance (Rf), and charge
transfer resistance (Rct) are evaluated and shown in Table 2.The
polarization resistance (Rp) which is calculated by the adding
charge transfer and coating resistant seems to decrease by
increasing the percentage of the Au nano-particles. It can be seen
from Table 2 that the sample without Au has maximum polariza-
tion resistance 31505 Ucm2. The decrease in the polarization
resistance is due the improved conductivity of the composite by
increasing the Au concentration.

3.4. Cell performance

After CV characterization all the three samples were assembled
in the membrane electrode assembly (MEA) to evaluate perfor-
mance in actual PEM fuel cell. The actual activity of electrode is
determined from its PEM fuel cell performance curves. The polar-
ization curve, a plot of cell voltage and power density versus cur-
rent density, shown in Fig. 4 reflects the performance of Au-NT-G
composite based PEM fuel cell.

It is observed from the polarization curves shown in Fig. 5 that
voltage drawn increases as the concentration of gold nano particles
increases. The similar trend is observed for the power density. 60%
Au-NT-G sample with maximum concentration of gold nano par-
ticles exhibits best polarization curve with highest peak power
density while 40% Au-NT-G and 20% Au-NT-G samples show rela-
tively low performances due to lower concentrations of gold nano
particles. The power density after attaining the peak value declines
due to worst oxygen transport in catalyst layer. The performance
decay is relatively small for 60% Au-NT-G sample. It can be attrib-
uted to increased concentration of gold nano particles which in-
creases the active surface area of electrode. The increase in reactive
surface area improves the catalytic cavity [26].

The values of maximum power density for all three samples are
62.01 mWcm�2, 136.25 mWcm�2 and m242.29 Wcm�2 for 20% Au/
NT-G, 40% Au-NT-G and 60% Au-NT-G respectively. It is obvious
from Fig. 6 that 60%Au-NT-Gsample with maximum concentration
of gold has highest value of maximum power density as compared
to other two samples.

PEM fuel cell based on Pt/C catalyst showed maximum power
density of 178 mW/cm�2 as conventional Pt/C electrocatalyst has
certain limitations like high cost and degradation therefore other
materials have also being used for catalyst. Alloys based on
different metals are also being used as catalyst. RhAu alloy nano-
particles have shown good catalytic activity [31]. FePd@Pd elec-
trocatalyst showed stability and activity comparable to that of
commercially used Pt/C. AuCu and AuPd are also being used as
electrocatalyst [32]. Composite of PdeCo alloy nanoparticles and
nitrogen doped reduced graphene oxide has shown great potential
for application in PEM fuel cell as anode electrocatalyst [33].

PEM fuel cell based on MWCNTs-platinum nanocomposite
catalyst showed peak power density of 156 mW/cm�2 whereas
peak power density of 247mW/cm�2 was achieved using platinum/
graphene nanoplatelets [34e36].

By replacing conventional Pt/C by composite of gold nano-
particles mixed multiwall carbon nanotubes supported on



Table 1
Results of CV.

Sample Composition Oxidation Potential (V) Corresponding Current (þmA) Reduction Potential (V) Corresponding Current (-mA)

0% Au-NT-G 0.465 0.863 0.29 �0.5
20% Au-NT-G 0.469 1.933 0.403 0.496
40% Au-NT-G 0.466 4.039 0.369 6.446
60% Au-NT-G 0.467 8.069 0.361 8.738

Fig. 4. Nyquist plots for EIS data.

Table 2
EIS analysis data.

Sample RS (Ucm2) Rf (Ucm2) Rct (Ucm2) Rp (Ucm2)

60% Au-NT-G 5.49 5.22 605 610.22
40% Au -NT-G 5.83 17.96 1640 1657.
20% Au-NT-G 5.21 112.21 17580 17692.21
NT-G 6.32 291.31 31215 31506

Fig. 5. Polarization curves of 20% Au-NT-G, 40% Au-NT-G, and 60% Au-NT-G.

Fig. 6. Comparative maximum power density.
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graphene nano-ribbons (Au-NT-G), maximum power density of
242.29 Wcm�2 is reported in this research, which is clearly more
than maximum power density of the fuel cells discussed above.
3.5. Thermal gravimetric analysis

In order to determine the stability of composite over a wide
range of temperature, thermal gravimetric analysis was performed.
From the observation based on weight profiles of TGA as a function
of variation in temperature as shown in Fig. 7, it was concluded that
the Au-NT-G samples have no water molecules as there was no
weight loss and the decomposition of carbon takes place above
500 �C for all samples. The overall stability of Au-NT-G composite
was better than the approaches used before [27e30] as weight loss
occurs at higher temperature which might be due to the presence
of CNTs. The stability of our composite with 20% Au in NT-G was
better in all but it decreases with the further addition of gold
nanoparticles.

Although this type of fuel cell operates at low temperatures but
TGA analysis shows the composite material do not decompose and
remains stable at 500 �C. So this fuel cell can operate at relatively
high temperature.

The structure stability of this fuel cell system is better due to the
presence of carbon nanotubes and graphene. Graphene and carbon
nanotubes both exhibit better mechanical strength which can
contribute towards better structural stability [37]. It can be seen
from SEM and TEM micrographs that carbon nanotubes are
dispersed on fibrous carbon sheet. Partially un-zipped carbon
nanotubes that have formed ribbon like structure of graphene are
attached to the remaining carbon nanotubes. The carbon nanotubes
which are entangled in spaces between graphene nano ribbons and
gold nanoparticles will enhance the strength and stability [38].
4. Conclusion

In this research we fabricated hybrid electrocatalyst using gold
nanoparticles and nano tube graphene. Three different samples
were prepared with varying concentrations of gold nanoparticles.
These samples were then analyzed by different characterization
techniques. Scanning Electron Microscopy (SEM) exposed presence
of randomly dispersed CNTs on fibrous carbon sheet along with
ribbon like structure of graphene. Transmission Electron Micro-
scopy (TEM) confirmed the existence of gold nanoparticles. Raman



Fig. 7. Combined graph of TGA analysis for 20% Au-NT-G, 40% Au-NT-G, and 60% Au-
NT-G sample.
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Spectroscopy also showed presence of gold nanoparticles peak at
1358 cm-1 in all three samples. Raman spectra showed the peaks of
all the relevant materials. Raman calculations also confirmed the
growth of monolayer graphene. Cyclic Voltammetry analysis
revealed that prepared electrode of Au-NT-G has improved
cathodic current of 8.7 mA and reduction potential of 0.36V as
compared to previously reported for NT-G electrode. Polarization
resistance has decreased by increasing the Au concentration. Po-
larization curves have proved that cell performance is dependent
on concentration of gold nano particles and highest power density
of 242.29 Mw/cm�2 is achieved for 60% Au-NT-G sample. As
compared to conventional Pt or CNT based electrode gold nano-
particles decorated NT-G has shown a great potential. TGA analysis
proved that prepared material has no weight loss at operating
temperatures of fuel cell. But still there is a room for further
research to achieve an efficient, durable and long lasting electrode
suitable for harsh working environment.
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