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Abstract. Fuel cell has two essential problems, its cost and the durability, which
hinder its commercialization. Platinum is the ideal catalyst that has high activity,
stability and selectivity but has high cost. An attempt has been done to find a cheaper
catalyst instead of platinum. Zinc oxide nanoparticles were synthesized via sol-gel
method using zinc acetate and citric acid in basic media with different calcination
temperatures (420, 520 and 620 °C). From X-ray diffraction (XRD) patterns, the
calculated particles size is 7.7, 15.6 and 19.3 nm as the calcination temperature of 420,
520 and 620°C, respectively, indicating that the particles size increases with increasing
the calcination temperature. Different concentrations (5 and 10 wt.%) of ZnO
nanoparticles with 10 wt.% polyvinyl alcohol (PVA) were prepared and calcinated at
750 °C to get carbon/ZnO as a catalyst for fuel cell applications. A carbon core-shell
surrounding by mono-disperse ZnO nanoparticles with large surface area that required
for the new catalyst with believable morphology was shown by transmission electron
microscope (TEM). Also, XRD presents high purity of the new composite with
uniformly distinguishable peaks. Fourier transformation infrared (FTIR) spectroscopy
shows the change in the carbon/ZnO nanoparticles spectra due to ZnO characteristic
vibration band at 440-460 cm™'. Cyclic voltammetry (CV) exhibits a good promising
catalytic activity and current density with oxidation behaviour is reported. Finally,
ZnO used to enhance carbon electrochemically performance as a result of a novel non-
precious catalyst.

1. Introduction

Energy is a key element of the interaction between nature and society and affects the economic
development as well as the future of human existence. Concerns associated with human health and
environmental risks have arisen rapidly over the last decades. Many of these issues are related to the
production, transformation and use of energy, for example acid rain, ozone depletion and global
climate change. Scientists focus their efforts into developing energy production processes that will be
beneficial towards a sustainable development and simultaneously will satisfy society’s energy needs.
Meeting the present needs without compromising the future should be achieved by using alternative
sources of energy like the hydrodynamic, solar, wind, geothermal, etc. Development of new energy
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system is necessary for sustaining growing economies, disengaged from oil. Fuel cells are one of the
key future technologies similar to batteries with the exception of the continuous replenishment of the
fuel. They promise to reduce the ecological impact by creating environmentally friendly by products
while using renewable fuel sources. They can be employed in a variety of applications, due to their
flexible power output and ranging from a few watts to megawatts. Understanding fuel cells are thus
pertinent to the advancement and sustainability of our energy demanding lifestyles.

The key components of the polymer electrolyte membrane fuel cells (PEMFCs), as shown in Figure
1, are: (a) the anode that consists of a support, a diffusion layer and the catalyst where the oxidation
reaction produces electrons that flow through the external load towards the cathode; (b) the electrolyte
membrane whose aqueous pockets provide a path for the protons to diffuse and reach the cathode side;
and (c) the cathode where the protons react with oxygen to produce water on the hosted
catalyst/diffusion layer. Thus, the transport of reactants towards the reaction sites is crucial and can
result in significant efficiencies [1]. In PEMFC, hydrogen (H,) is fed continuously to the anode in
which it oxidized and oxygen (O,) reduced at cathode. Electrolyte membrane permits protons resulting
from H, oxidation to pass to other side. As electrolyte membrane is electrically insulator so electrons
released from broken H, bond could pass only through external circuit generating current. Water is
produced as hydrogen ions recombine with reduced oxygen ions [2,3] as;

H,> 2H + 2¢° (1)
150,+ 2H*+2e'> H,0 (2)
H, +150,> H,0 (3)

Catalyst at both electrodes used for speeding oxidation and reduction process so there are different
requirements should be existed for good performance catalyst as activity, selectivity, stability and
poising resistance [4]. Platinum (Pt) is the best element that meets the requirements. The biggest
barrier facing fuel cells to commercialize is the high price of Pt ratio that used. Considerable attentions
for replacing Pt are made by alloying [5,6], layering [7,8], core-shell [9—16] and free Pt techniques.
The use of transition-metal nanoparticles in catalysis is crucial as they mimic metal surface activation,
selectivity and efficiency to heterogeneous catalysis [17,18]. Among transition-metal nanoparticles,
ZnO has been of considerable interest because of the role of ZnO in solar cells, catalysts, antibacterial
materials, gas sensors, luminescent materials, and photocatalyst [19]. Nano-ZnO, as heterogeneous
catalyst, has received great attention because it is inexpensive, nontoxic catalyst. It has also
environmental advantages, which is, minimum execution time, low corrosion, waste minimization,
recycling of the catalyst, easy transport, and disposal of the catalyst. So, the aim of this work is to
prepare and characterize ZnO nanoparticles with carbon support which work as a free Pt catalyst for
fuel cell applications. Characterizations of the samples were done using x-ray diffraction (XRD),
Fourier transformation infrared spectroscopy (FTIR), transmission electron microscopy (TEM) and
cyclic voltammetry (CV).

Electrolyte
Membrane

=

Fuel in (H,) Oxidant in (0;)
—f— mali—

Product Product gases
gases out out + water
Anode Cathode

Figure 1. The polymer electrolyte
membrane fuel cell (PEMFC).
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2. Experimental setup

Zinc acetate dehydrate Zn(O,CCH;), with purity more than 97% was purchased from Alfa Aeser,
Germany, as a zinc source. A citric acid CHgO; was purchased from Adwic, Egypt, and was used to
react with the acetate to separate the zinc acetate to its parts. Zinc oxide nanoparticles were prepared
using sol-gel method. This preparation is one of the simplest, environmental safe and lowest-cost
technique for preparing pure transition metal oxides with relatively high surface area at low
temperature. Adding ammonia solution was necessary for maintain the reaction pH at 8.5, prevent the
solution from perception and get mono dispersal particles. Reagents and solvents were obtained from
commercial sources and used without further purification. Three different samples were prepared at
different calcination temperatures (420, 520 and 620 °C) with constant time (5h) as shown in Figure 2.

5g Zn(0,CCHs), 50ml H,0 5g CsHgO; 25ml H,0
Mixing & stirring (1h) Mixing & stirring (1h)

| ]

25ml NH; 25% Mixing & stirring (1h)

| |

Evaporation

| |

Drying at 120°C for 2h

| |

Heating at 220°C for 3h

|

Calcinations at three different

Figure 2. Synthesis of ZnO nanoparticles.

Polyvinyl alcohol (PVA) extra purity has purchased from Alpha Chemika with molecular weight

125000, which has low electrical conductivity, has been used as a carbon source. The mixture solution
was prepared by dissolving PVA, 98-99% hydrolyzed in 20 ml of deionized water (10 wt.%). It was
heated at 60 °C until the solution became clear (5-7h). Zinc oxide nanoparticles with two different
concentrations (5 and 10 wt.%) were being dissolved in 5 ml of deionized water then added to the
PVA solution and stirring the mixture for 24h until complete dissolving. Figure 3 shows the flowchart
for the sample preparation.
X-ray diffraction (XRD) was measured for the present samples by Ultima IV (Rigaku Corporation)
with a 285 mm goniometer. A parallel monochromatic x-ray beam acquired by reflection of CuKa
radiation (» = 1.542 A) from a fine focus x-ray tube worked at 40 kV and 40 mA. Scattering profiles
were recorded with a scintillation one-dimension position-sensitive detector over a range of 5°< 26<
70° with a step of 0.01°. The chemical structure of the samples under study turned into examined
through FTIR using VERTEX 70 spectrometer, Bruker, USA, from wavenumber 4000 to 400 cm™
with resolution 0.9 cm™ at room temperature (25 °C).
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Figure 3. Synthesis of nanopowder of carbon/ZnO catalyst.

For electrochemical kinetic measurements, cyclic voltammetry (Autolab 302n potentiostat) at
the National Research Center, Egypt, was used in the range of potential from -1 to -0.02 V with scan
rates 50 and 100 mV/s and two different types of electrolytes (1M KOH and mixture of IM KOH &
2M Methanol). Transmission electron microscopy (TEM) for carbon/ZnO nanoparticles 5 and 10 wt.%
was carried out using JEOL JEM2100 made in USA for studying the surface and morphology. A few
droplets of powder, ultrasonically dispersed in alcohol, had been put on standard microscope grid for
the TEM work.

3. Results and Discussion

3.1. X-ray diffraction

X-ray diffraction (XRD) was used as crystal structure analysis for the three samples of ZnO
nanoparticles calcinated at 420, 520, and 620 °C. Figure 4 illustrates the XRD pattern for the three
different samples with very sharp peaks and narrow full width at half maximum (FWHM) which
indicate the crystallinity in nature with clear diffraction peaks for wurtzite phase as mentioned in the
standard data [19,20]. It is clear from the figure that, with increasing the calcination temperatures, the
intensity of the peaks increases and also the FWHM decreases, that strongly suggesting good
crystallinity of the nanomaterials. The peaks at 20 = 31.67°, 34.31°, 36.14°, 47.40°, 56.52°, 62.73°,
66.28°, 67.91°, 69.03°, and 72.48° were assigned to (100), (002), (101), (102), (110), (103), (200),
(112), (201), and (004), respectively of ZnO nanoparticles, indicating that the samples were
polycrystalline wurtzite structure (Zincite, JCPDS 5-0664) [20-22]. For the three samples, no
corresponding peaks for reactants remained were observed indicating that the prepared samples have a

high purity. Sherrer’s equation (equation (4)) could be used to determine the particle size as:
LhkL = 575+ @
B cos(0)
Where Ly is the mean size of the particle, K is a dimensionless shape factor with a value close to
unity, A is the x-ray wavelength, B is the line broadening at the full width at half maximum (FWHM)
in radians, and 0 is the Bragg angle (in degrees). Table 1 lists the average particle size at different
calcination temperatures for ZnO nanoparticles. It is clear from the table that, there is a correlation
between varying the calcination temperature and the average particles size. Increasing in calcination
temperature leads to increasing the grain size as the crystal structure rearranged, crystals agglomerate
with each other, and removal of traces. Thus, in order to get smaller particles lower calcinations
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temperature is favourable. By comparing the XRD pattern of the three samples it has been concluded
that samples calcinated at 520 and 620 °C gives high intensity fine peaks, which can be used for
further preparation and characterization.
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Figure 4. The XRD for the three ZnO nanoparticles calcinated
at different temperatures.

The XRD for the two different concentrations of carbon/ZnO nanoparticles (5 and 10 wt.%) are
similar and the high concentration is presented in Figure 5. It is noticed that, there is no significant
difference between this XRD pattern and the other one in Figure 4 except the appearance of carbon
hump at 20 ~ 22° similar to the data of Biswas et al. [23] and also decreasing the intensity of some
peaks. This may be due to physical interaction between carbon and ZnO nanoparticles.

Table 1. Average particle sizes at different calcination
temperature for ZnO nanoparticles.

Calcination temperature (°C) | Average particles size (nm)
420 7.7
520 15.6
620 19.3

3.2. Fourier transformation infrared spectroscopy (FTIR)

FTIR used to study the catalyst’s molecular structure as shown in Figure 6 for carbon/ZnO
nanoparticles 5 and 10 wt.%. The figure shows a series of absorption peaks from 4000 to 400 cm™,
which are corresponding to the carboxylate and hydroxyl impurities in the samples. For both samples,
band at 3500 cm™ is caused by stretching of hydroxyl group (O-H) and from 2700 to 3000 cm™ band
is corresponding to stretching vibration of C-H of alkane groups. The peaks at 1600 and 1100 cm™ are
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the results of stretching asymmetrically and symmetrically of the zinc carboxylate. Also, the
characteristic bands at 459 and 445 cm™ for carbon/ZnO nanoparticles of 5 and 10 wt.%, respectively,
could be due to the vibration of the ZnO nanoparticles [24]. According to Verges [25], the single band
centered at 460 cm™ must be assigned to spherical particles, but when splitting occurs, prolative or
platelike shapes are present. As the concentration of carbon (PVA) increases, the content of the
carboxylate (COO") and hydroxyl (OH) groups in the samples decreased. The carboxylate probably
comes from both of reactive carbon containing acetate species during synthesis and the hydroxyl
results from the hygroscopic nature of ZnO. As a result, FTIR spectra suggest that some impurity
exists near ZnO surface. This may be due to low calcination temperature and short time which they
were not enough more to execute it as reported in the literature [26,27].
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Figure 5. The XRD for carbon/ZnO (10 wt.%) nanoparticles.
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Figure 6. The FTIR spectra of carbon/ZnO nanoparticles
(A) 5 wt.% and (B) 10 wt.%.

3.3. Transmission Electron Microscopy (TEM)

TEM images for the carbon/ZnO nanoparticles 5 and 10 wt.% are shown in Figure 7 and 8,
respectively. From Figure 7, it is observed that there are nanoparticles of ZnO in the surface of the
carbon with different morphology and randomly distribution. The ZnO nanoparticles are surrounding
by carbon which provide more surface area. It well known that, larger active surface area is
recommended for the catalyst requirements [28]. The average size of ZnO nanoparticles is 19.42 nm
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which is in a good agreement with the XRD data [Table 1]. For high concentration of ZnO
nanoparticles [Figure 8], the ZnO nanoparticles are widely distributed over a large range of carbon. In
addition, the nanoparticles of ZnO had a better morphology (may be arranged as hexagonal crystals)
than that in low concentration [Figure 7]. Also, there is a very good distribution of ZnO nanoparticles
over a wide range of carbon compared to low concentration sample which support more surface area.
Increasing the concentration of the ZnO nanoparticles affects the aggregations of nanoparticles over
the carbon that make a core-shell of carbon surrounded by a high catalytic ZnO nanoparticles with
large active surface area. From Figure 8, the average size of the carbon core-shell that surrounding by
ZnO nanoparticles is found to be about 40 nm.

3.4. Cyclic voltammetry (CV)

Carbon/ZnO nanostructures (5 & 10 wt.%) were activated by applying cyclic voltages in IM KOH and
mixture of 1M KOH and 2M methanol electrolytes. The cyclic voltammetric behaviors of prepared
samples are shown in Figure 9 with scan rate of 100 mV/s. Also, the cyclic voltammetric behaviors of
standard Pt/C which is one of the most efficient commercial catalysts that has high activity is included.
Carbon has low catalytic activity [29] that enhanced by adding ZnO nanoparticles with two different
concentrations (5&10 wt.%). The electrocatalytic properties of carbon/ZnO powder were evaluated
and compared with the commercial Pt/C. Table 2 lists the current density and applied voltage with 50
and 100 mV/s scan rate for the carbon/ZnO nanoparticles 5& 10 wt.% and also for Pt/C.

Figure 7. TEM images for the carbon/ZnO nanoparticles (5 wt.%) calcinated at
750 °C for 2h.

Figure 8. TEM images for the carbon/ZnO nanoparticles (10 wt.%) calcinated at
750 °C for 2h.
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Carbon/ZnO 10 wt.% nanoparticles showed good oxidation behavior in KOH+methanol environment
as the current density peak reaches 0.35 mA/cm” with scan rate 100 mV/s. On the other hand, the
current density for carbon/ZnO (5 wt.%) was found to be 0.17 mA/cm®. Increasing nanoparticles
concentration increases the adsorption of OH in the electrolyte as more surface area was introduced
for oxidation of methanol. Methanol oxidation peaks in anodic direction are reported with different
intensities for carbon/ZnO nanoparticles (5&10 wt.%). Pt/C showed less current density in KOH
reaches at maximum 0.55 mA/cm’ while the highest current density of 5 wt.% sample is 0.06 mA/cm’
at the same condition. For 10 wt.% sample, the oxidation peak height is almost three times as that in
the 5 wt.% sample and nearly 33% of that for commercial Pt/C [Table 2]. Generally, it is understood
that the anodic peak in the reverse scan to be linked to the removal of incompletely oxidized
carbonaceous species accumulated on the catalyst surface during the forward anodic scan [30,31]. The
oxidation peaks of KOH at anodic direction could be observed in all formulations. The obtained
results of carbon/ZnO (10 wt.%) are comparative to commercial Pt/C activity which could be
enhanced using carbon core-shell surrounded by more concentrations of ZnO nanoparticles with
higher calcination temperatures.
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Table 2. Current density and applied voltage for the carbon/ZnO nanoparticles 5 and 10 wt.% with
different scan rates and different electrolyte. The data for Pt/C is also included for comparison.

Conditions/Samples Pt/C Carbon/ZnO (5 wt.%) = Carbon/ZnO (10 wt.%)
Scan Current | Applied | Current | Applied Current Applied
Electrolyte rate Density voltage Density voltage Density voltage
(mV/s) = (mA/cm?) V) (mA/cm®) V) (mA/cm®) V)
50 0.36 0.25 0.04 -0.7 0.12 0.76
IMKOH 100 0.55 0.28 0.06 -0.75 0.14 0.76
2M Methanol 50 51 -0.2 0.14 -0.2 0.27 -0.25
+1M KOH 100 55 -0.2 0.17 -0.2 0.35 -0.28

4. Conclusion

ZnO nanoparticles with large surface area by sol-gel method were successfully synthesised with
undertaken different calcination temperatures. XRD results for ZnO nanoparticles showed that the
particles size increased directly with increasing calcination temperatures as the crystal structure
rearranged, crystals agglomerated with each other, and traces were removed. The optimized
temperature for preparing carbon/ZnO catalyst was 620 °C. According to XRD pattern and FTIR
spectrum for the new catalyst, ZnO nanoparticles were adsorbed over carbon surface as physical
interaction could be noticed. TEM images determined that carbon/ZnO has large surface area that is
required for better catalytic activity. The core-shell of carbon surrounded by ZnO that successfully
prepared provides high stability for the new catalyst. CV results proved that carbon active surface area
and electrocatalytic performance enhanced by adding ZnO. Electrocatalytic properties of carbon
increased in oxidation cycle by increasing the ZnO concentrations. The new catalyst using carbon
support with different concentrations of ZnO nanoparticles improved the catalytic activity, thermal
stability and surface corrosion for carbon. Carbon/ZnO was compared with commercial Pt/C and
found that the sample of 10 wt. % efficiency reaches 33% of commercial Pt/C. Finally, carbon/ZnO
catalyst after particular improvements can be used as a new generation of fuel cell operating by non-
platinum catalyst.
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