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Synthesis and Electrochemical Characterization of PACo/MWCNT towards

Formic Acid Fuel Cells
Jakeline V. Morataya, Dr. Tamanna F. McFarland

Winona State University, Chemistry Department

Abstract

With more and more technological advances being made, a growing global population, and
greater push towards greener energy brings a great need for alternative sources of energy. In order
to keep up with ever increasing demands for energy, direct formic acid fuel cells (DFAFCs) show
great promise. However, the need for a cost effective, robust and efficient anodic catalyst towards
DFAFCs is still imminent. Therefore, this study aims to investigate the efficiency, conductivity,
and stability of palladium and cobalt binary nanocomposites on multiwalled carbon nanotubes
(MWCNTS). Three nanocomposites were synthesized with varying amounts of cobalt and a fixed
amount of palladium on MWCNTSs using a simple one pot synthesis utilizing sodium borohydride
as a reducing agent. This allowed the palladium and cobalt nanoparticles to disperse along the
carbon nanotube surface to provide greater catalytic surface area. The morphology was
characterized by scanning electron microscopy (SEM) imaging technique showing the binary
nanocomposites were dispersed along the carbon nanotube surface. Cyclic voltammetry (CV) was
then employed for the electrochemical characterization of formic acid oxidation (FAO) using the
nanocomposites in a 0.50 M formic acid with 0.10 M sulfuric acid electrolyte. A glassy carbon
electrode was modified with a fixed amount of the nanocomposites to enable correct comparisons

of the effect of various amounts of cobalt. So far, the nanocomposites are demonstrating the direct



formic acid oxidation pathway. This along with all other electrochemical data will be compared to
a standard commercially available 20% palladium on carbon Pearlman catalyst.

Introduction

Currently in the world technology has become a huge aspect of day to day life. Batteries
are constantly increasing in use as a need for people to carry out daily tasks. Whether it’s a high-
tech gadget or a cell phone, the world is taking a dive into technology. The world is in constant
need of energy for communication, work, and food. While the world’s needs grow the
technological world must try to keep up. Currently there are shortages of energy worldwide.! In
order to help the growing need for energy, we must devise new and more efficient ways to preserve
and use batteries. The main goal of the project is to synthesize an energy storage composite. More
specifically, creating a high efficiency storage composite which is more resistant to degradation
over time as well as cost efficient. As power storage items are charged and used, they degrade over
time. Other considerations include the availability and cost of components. Cost efficient
components are important as to ensure accessibility of the power cell. Currently, lithium batteries
are the most common type of battery. Lithium ion batteries have a high energy density of greater
or equal to 180 Wh/kg.? This along with a long lifecycle of over 100 recharges, makes lithium
batteries favorable. However, these batteries can also at times become a safety concern. A main
problem with these batteries is that they contain lithium metal and other solvents which are
flammable.® These batteries have various safety mechanism in place although fires and overheating
of the batteries remain a common occurrence.® The solvents used are also flammable under

pressure which then become dangerous if the battery were to rupture.®

The method being explored in this project is using multiwalled carbon nanotubes

(MWCNT) and graphite oxide (GO) as the backbones for transition metals. This method takes



advantage of the large surface area provided by the carbon support as well as its high conductivity
and uses it to store energy in the metal on the surface of the nanotube.* The use of the support is
important as it can use the metal very efficiently with less of the metal needed. This would also
mean a lower production cost which is also important in making the power cell more accessible.
Carbon nanotubes can also exhibit semiconducting behavior which make it very efficient as a base
for the transition metal. Carbon nanotubes also have high thermal conductivity (6000W/MK) and
are stable up to 2800 C.°> While in partnership with other studies which explore the use of palladium
on GO using a simple one-pot microwave synthesis, and nickel (I1) chloride hexahydrate using the
same methods as in this study. This study focuses on the use of a 1:1 ratio of palladium (1)
chloride, and cobalt (11) chloride hexahydrate. This study will focus on varying weight to weight

percentages on the carbon nanotubes in order to determine the most effective power cells.

There are currently similar ongoing projects to create supercapacitors using a carbon
nanotube base. In one study, the carbon nanotube is also taken advantage of with the use of
manganese oxide.® Other studies also exist such as also using tin (IV) oxide.” While these studies
prove to be promising, palladium in combination with copper still show to be a great ideal. This is
due to the combination allowing for greater stability and less side reactions when in the formic
acid cell.® The carbon nanotube also allows for a much greater dispersion for the metal oxide
deposit as well as also having conductivity itself.>'° The preparation is also simple and energy
efficient which also makes this type of fuel cell favorable.!! This promises a high efficiency and

very stable fuel cell which has potential to be applied to various needs.
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Figure 1. Research problems and justification.

With the energy crisis and environmental crisis currently in tow, this fuel cell offers a great
alternative to current energy storage. A fuel cell is an electrochemical device in which a
spontaneous redox reaction takes place in an electrochemical reactor that consumes a fuel (e.g.,
H>, CH30OH, C2Hs0H, HCOOH, or other organic fuels) and an oxidant (oxygen/air) to generate
electricity with efficiencies of up to 60%. Unlike a battery, a fuel cell will continue to produce
electricity if the fuel is supplied. Formic acid fuel cells can be applied to solar fuel cells which can
provide clean energy and can be stored and recharged over a long life span.*? Currently battery life
spans are still shorter than those of supercapacitors.'® Formic acid is also FDA approved which
makes disposal much easier and cleaner.'* The success of this supercapacitor can aid into the steps
of a cleaner more efficient future. However, the structure, morphology and physicochemical
properties of an electrocatalyst could affect the performance of DFAFC and remain to be resolved

further as shown in Figure 1.



Experimental Methodology

This project explores utilizing multi-walled carbon nanotubes (MWCNT) as the support
for transition metal precursors to create nanocomposites. This method takes advantage of the large
surface area provided by nanostructured carbon nanotubes and graphite oxide, as well as the high
conductivity.® The use of the carbon supports will facilitate lower metal loading. This would also
mean a lower production cost which is crucial in making the renewable energy sources more
accessible. This study focuses on the use of 20% (w/w) anhydrous palladium (1) chloride (PdCl>)
and a variable amount of cobalt (I1) chloride hexahydrate (CoCl, - 6H,0). The quantity of cobalt
used will be varied to find an optimized quantity. Two parallel studies will be conducted- firstly,
using the same one pot synthesis provided with nickel (I1) chloride hexahydrate (NiCl - 6H20).
Second project uses a modified one pot synthesis using a household microwave, and varying
weight to weight percentages on the fixed amount of MWCNT and GO in order to determine the
most effective nanocatalyst. If time permits, the project might also explore 10% (w/w) palladium

based ternary nanomaterials.
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Figure 2. One pot synthesis scheme of carbon-supported nanocomposites.
The modified one pot synthesis (Figure 2) involves dissolving 20 mg of anhydrous palladium
chloride with an amount of cobalt (11) chloride hexahydrate in 3.5 mL 0.10 M hydrochloric acid

in a round bottom flask. MWCNT or GO (60 mg) is then added followed by 10.0 mL of Millipore



water to the mixture. The round bottom flask is then ultrasonicated for 30 min and stirred for ~4 h
to ensure proper and thorough adsorption of the metal ions on the carbon support. After sonication,
excess amount of sodium borohydride (NaBH,) solution is added dropwise while stirring for ~2 h
to completely reduce the metal ions. The resulting product is then filtered using gravity filtration
and set to dry in an oven overnight. The nanocomposite is then transferred into clean and dry

labeled vial and stored in a desiccator to be further analyzed as shown in Figure 3 below.

| Literature Review| | Research Problems|
¥
( NANOCATALYSTS )
y
\ Y
Palladium-Based: Pd I |Transition Metal Composites

Svnthesized:
20% PA/MWCNT

Y 20% PAd/GO
20% Pd/C
5% PdCo/MWCNT

10% PACo/MWCNT
15% PACo/MWCNT
20% PdCo/MWCNT

5% PdCo/GO

10% PdCo/GO
15% PdCo/GO
20% PdCo/GO

| Electrochemical Analysis |<—“—-} Composition and Morphology

Y Y
Catalytic Activity Durabitiy
and
Performance Y
SEM,
|Jcﬁ [CA/Multi-potential CA | FIIR

Figure 3. Research methodology.



Catalytic performance of the synthesized nanocomposites will be analyzed using cyclic
voltammetry (CV) and chronoamperometric (CA) methods utilizing the CH Instruments 700E with
Picoamp Booster and Faraday Cage (potentiostat). Cyclic voltammetry is an electrochemical
technique which measures currents which develop in the cell where voltage is in excess of the
predicted value by the Nernst equation.'® This will allow us to determine how the cell will respond
when it is charged and discharged in presence of the nanocomposites.'® Chronoamperometric
methods will be used in order to determine the amount of charges and discharges until the cell

begins to degrade, i.e., the stability of the prepared materials.!’
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Figure 4. Experimental setup and working electrode modification scheme.

Figure 4 shows the representative experimental setup and working electrode (WE)
modification scheme. Before each electrochemical experiment, the glassy carbon WE (GCE) is
polished with 0.50 um alumina slurry, rinsed with sufficient amount of Millipore water. Both
working and the platinum counter electrodes are then sonicated in ethanol and Millipore water for
15 min each, respectively. The WE was dried with a Kim wipe tissue and purged with N2 gas to
blow away any dust particles. The catalysts are ultrasonically dispersed in 10 mL ethanol for 30
min to make the catalyst ink. The ink (9 pL) is then pipetted on the clean WE, and dried at room

temperature for 20 min, followed by the casting of 3 uL Nafion® to the top of catalyst ink to wrap
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the nanomaterials. The electrode is finally dried completely for 30 min prior to use. The prepared
materials will be characterized using scanning electron microscopy (SEM) and the PerkinElmer
Spectrum Two FTIR with diamond UATR accessory; ThermoScientific Nicolet iS5 FTIR with
iD5 AT5 accessory (infrared spectroscopy). The SEM and FTIR will be used in order to determine
the morphology and the presence of metal oxides respectively. It might additionally allow for the
determination of structure and will aid regulate if the materials are at all damaged.*®

Discussion

Table 1. Masses of CoCl;, - 6H20, PdCl,, MWCNT

0% 10% 15%
Cobalt (1) Chloride - | 0 mg 24.234 mg 36.351 mg
Hexahydrate
Palladium (I1) 20 mg 20 mg 20 mg
Chloride
MWCNT 60 mg 60 mg 60 mg

Table 1 shows the masses of each component used for all samples. The Palladium (I1)
chloride and MWCNT were held constant. The mass of the cobalt (1) chloride - hexahydrate was
determined by weight to weight percentage based off MWCNT as shown in Calculation Set 1

below.

60 mg MWCNT * 0.1 = 6 mg cobalt for 10% w/w

1 mmol cobalt
58.9332mgcobalt

6 mg cobalt * = 0.10181 mmol of cobalt
237.93 mg colbalt (II) - hexahydrate

10181
0.10181 mmol cobalt « 1 mmol colbalt (II) - hexahydrate

= 24.234 mg of cobalt (II) - hexahydrate

Calculation Set 1. Calculation of Necessary Cobalt for w/w Percentages of Nanocomposites



Figure 5. SEM imaging of experimental nanocomposites.

Figure 5 was obtained by using Scanning Electron Microscopy (SEM). These images were used
to determine the morphology of the nanocomposites. The use of MWCNT offer a large amount of
surface area. It can be assumed that the palladium and cobalt nanoparticles are spread throughout
the surface of the MWCNT. Although the size does not allow for full visibility of the nanoparticles,

their presence may be supported through electrochemical analysis.
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In Figure 6, the first sweep of the three experimental nanocatalysts shows that all three
samples follow the FAO pathway. Among the three, it is clear that the addition of cobalt does
allow for a greater peak shift towards the negative voltage direction that explains the enhanced
direct FAO. In this segment the 10% and 15% nanocatalysts are in very close range to each other
with the 15% falling closer to the direct FAO pathway. Figure 7 shows the 25" sweep segment
which shows that in terms of efficiency throughout lifespan, the 10% has more durability even

shifting towards the direct FAO pathway over time. In Figure 8, the commercial standard is shown
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against a blank run and a run with only the MWCNT showing the importance of the addition of
the metals for catabolic activity. Figure 9 is a comparison of the highest performing experimental
samples of the 10% and 15% nanocatalyst against the commercial standard at the 25" sweep. The
10% sample keeps up with the commercial standard very well showing very similar results. The
10% also shows exceptional performance in that it may carry more current than the commercial
standard after prolonged cycling while still remaining in the direct FAO pathway. All CV’s were

collected with a constant catalytic load of 0.025 mg/cm? of GCE.
Conclusion

Based on results seen on the CV, PA/IMWCNT and PdCo/MWCNT nanocatalysts were
successfully synthesized via a simple one pot synthesis. Morphology was characterized by the use
SEM microscopy. The CV indicates that Co is a stabilizer for formic acid oxidation in the binary
system with improved performance in comparison to the experimental and commercial
monosystem. Further studies may include variations in the w/w percentage of PdCo to determine
the optimum ratio. The use of other abundant transition metals may also be studied. Different
diameters and lengths of MWCNT may also use to vary morphology and surface area available

for dispersion.
Acknowledgements

| would like to acknowledge the Biology and the Composite Materials Engineering
Departments for assistance and training with SEM imaging. | would also like to thank the Winona
State University Undergraduate Research and Creative Project Grant for providing the necessary

funds to aid in the completion of this project.

11



References

(1) Pimentel, D.; Hurd, L. E.; Bellotti, A. C.; Forster, M. J.; Oka, I. N.; Sholes, O. D.; Whitman,

R. J. Food Production and the Energy Crisis. Science 1973, 182 (4111), 443-449.

(2) Zhang, L. L.; Zhao, X. S. Carbon-Based Materials as Supercapacitor Electrodes. Chem. Soc.

Rev. 2009, 38 (9), 2520-2531.

(3) Lisbona, D.; Snee, T. A Review of Hazards Associated with Primary Lithium and Lithiumlon

Batteries. Process Safety and Environmental Protection 2011, 89 (6), 434-442.

(4) Eder, D. Carbon Nanotube—Inorganic Hybrids https://pubs.acs.org/doi/abs/10.1021/cr800433k

(accessed Oct 26, 2018).
(5) Lu, W.; Dai, L. Carbon Nanotube Supercapacitors. Carbon Nanotubes 2010.

(6) Lee, S. W.; Kim, J.; Chen, S.; Hammond, P. T.; Shao-Horn, Y. Carbon Nanotube/Manganese
Oxide Ultrathin Film Electrodes for Electrochemical Capacitors. ACS Nano 2010, 4 (7), 3889—

3896. 10

(7) Wang, W.; Lei, W.; Yao, T.; Xia, X.; Huang, W.; Hao, Q.; Wang, X. One-Pot Synthesis of
Graphene/SnO2/PEDOT Ternary Electrode Material for Supercapacitors. Electrochimica Acta

2013, 108, 118-126.

(8) Ge, J.; Xing, W.; Xue, X.; Liu, C.; Lu, T.; Liao, J. Controllable Synthesis of Pd Nanocatalysts
for Direct Formic Acid Fuel Cell (DFAFC) Application: From Pd Hollow Nanospheres to Pd

Nanoparticles. J. Phys. Chem. C 2007, 111 (46), 17305-17310.

12



(9) Fan, L.-Z.; Hu, Y.-S.; Maier, J.; Adelhelm, P.; Smarsly, B.; Antonietti, M. High Electroactivity
of Polyaniline in Supercapacitors by Using a Hierarchically Porous Carbon Monolith as a Support.

Advanced Functional Materials 2007, 17 (16), 3083-3087.

(10) Gao, B.; Zhou, H.; Yang, J. Hierarchically Porous Carbons Derived from Polyaniline by
“Nanotube Seeding” for High-Performance lonic Liquid-Based Supercapacitors. J. Mater. Chem.

A 2017, 5 (2), 524-528.

(11) Liu, Z.; Hong, L.; Tham, M. P.; Lim, T. H.; Jiang, H. Nanostructured Pt/C and Pd/C Catalysts

for Direct Formic Acid Fuel Cells. Journal of Power Sources 2006, 161 (2), 831-835.

(12) Joo, F. Breakthroughs in Hydrogen Storage—Formic Acid as a Sustainable Storage Material

for Hydrogen. ChemSusChem 2008, 1 (10), 805-808.

(13) Buller, S.; Thele, M.; Doncker, R. W. A. A. D.; Karden, E. Impedance-Based Simulation
Models of Supercapacitors and Li-lon Batteries for Power Electronic Applications. IEEE

Transactions on Industry Applications 2005, 41 (3), 742-747. 11

(14) CFR - Code of Federal Regulations Title 21
https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfcfr/CFRSearch.cfm?fr=573.480 (accessed

Nov 29, 2018).

(15) Nicholson, R. S. Theory and Application of Cyclic Voltammetry for Measurement of

Electrode Reaction Kinetics. Analytical Chemistry 1965, 37 (11), 1351-1355.

(16) Kamal, M. INTELLIGENT FAULT DETECTION AND ISOLATION FOR PROTON

EXCHANGE MEMBRANE FUEL CELL SYSTEMS. 172.

13



(17) Pendley, B. D.; Lindner, E. A Chronoamperometric Method To Estimate lonophore Loss from

lon-Selective Electrode Membranes. Anal. Chem. 1999, 71 (17), 3673-3676.
(18) Todokoro, H.; Ezumi, M. Scanning Electron Microscope. US5872358A, February 16, 1999.

(19) Carter, R.; Cruden, A.; Hall, P. J. Optimizing for Efficiency or Battery Life in a
Battery/Supercapacitor Electric Vehicle. IEEE Transactions on Vehicular Technology 2012, 61

(4), 1526-1533.

(20) Thounthong, P.; Chunkag, V.; Sethakul, P.; Sikkabut, S.; Pierfederici, S.; Davat, B. Energy
Management of Fuel Cell/Solar Cell/Supercapacitor Hybrid Power Source. Journal of Power

Sources 2011, 196 (1), 313-324.

14



	Synthesis and Electrochemical Analysis of PdCO/MWCNT and PdCo/GO Towards Formic Acid Fuel Cells
	Recommended Citation

	Morataya2.pdf
	Morataya1.pdf

