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Formic acid generated from CO, has been proposed both as a key
intermediate renewable chemical feedstock as well as a potential
energy storage chemical media for hydrogen. In this paper, we
describe a novel three compartment electrochemical cell
configuration with the capability of directly producing a pure
formic acid product in the concentration range of 5 — 20 wt% at
high current densities and Faradaic yields. The electrochemical cell
employs a Dioxide Materials Sustainion™ anion membrane,
allowing for the improved CO, electrochemical reduction
performance. Stable electrochemical cell performance for more
than 500 hours has been experimentally demonstrated.

Introduction

Developing technologies in reducing CO, emissions by converting it into selected
economically sustainable chemical and fuel end-products is one key controlling
environmental atmospheric CO, levels.

Formic acid and CO have been identified as two key chemical intermediate products
that can be commercially viable if produced at:

High commercial current densities (100 mA/cm? or greater)
High Faradaic efficiencies (90%+)

Low cell potential

Long operating life (5 years or greater)

Low CAPEX

Formic acid also has potential applications in energy storage and hydrogen generation
as shown in Figure 1.
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Figure 1. Formic acid market and current and new product applications.

425
Downloaded on 2017-08-08 to IP 128.59.222.107 address. Redistribution subject to EC% terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 77 (11) 1425-1431 (2017)

Over the past 30 years, researchers have worked on numerous catalysts and
conditions in electrochemically reducing CO, to formate/formic acid in the quest for
obtaining high conversions to formate at current efficiencies (1-27). The utilization of
GDEs helps solve the solubility limit of CO; in aqueous systems (33 mM) at ambient
temperature and pressure, but their application and testing require these additional items:

Utilizing GDEs to improve CO, mass transport into formate/formic acid
Preventing GDEs from electrolyte flooding

Identifying and evaluating best catalysts with the GDEs

Determining optimum cell configurations in operating the system

Conducting longer term experimental testing to confirm performance and stability
of catalysts and operating system

Cell Design Development

Dioxide Materials has developed key technologies in solving these issues designing a
novel 3-compartment cell design employing a recently developed anion membrane (28-
36).

Employing a membrane to prevent cathode GDE flooding
¢ Development of imidazole-based ionomers that reduce CO, reduction
overpotentials

¢ Development of a highly conductive, alkaline stable anion membrane -
Sustainion™ membrane

Selection of GDE cathode electrocatalysts

Cell design modifications to improve conductivity

Membrane selection to reduce crossover

Stability testing, preferably 100 hours and more

The Dioxide Materials 3-compartment cell design is shown in Figure 2. The cell
design incorporates a center flow compartment bounded by a cation ion exchange
membrane on the anode side and a Sustainion™ anion exchange membrane on the
cathode side. The center compartment uses a cation ion exchange resin media to provide
compartment electrolyte conductivity. Only DI water is used as the anolyte and flow into
the center compartment. Pure formic acid is the product from this cell configuration.
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Figure 2. Dioxide Materials 3-compartment formic acid cell design.
Experimental Results

Figure 3 shows the current produced as a function of the cell voltage in a cell with a
tin cathode, and IrO; anode, and deionized water in the middle compartment with no

electrolyte added to the water. Notice that one can obtain up to 200 mA/cm? at reasonable
cell voltages.
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Figure 3. Formic acid cell voltage versus current density plot.

Figure 4 shows how the exit concentration and Faradaic efficiency varies with a
single pass flowrate. Experimentally, as the Faradaic efficiency decreases as the formic
acid concentration rises. Physically, some of the formic acid is transported to the anode,
where it is oxidized leading to formic acid loss. The use of thicker and/or higher MW
PSA cation membranes significantly reduces these formate losses.
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Figure 4. Cell formic acid FE vs formic acid product in wt%. A PSA cation
membrane not optimized for minimizing formate ion transport was used in the
test runs.

Figure 5 shows a steady state run. In this case, we were able to maintain an output
concentration of about 15 wt% formic acid for more than 500 hours, with no significant
change in cell voltage.
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Figure 5. Cell performance during an extended 550 hour test run.

Formate ion crossover transport through the cation ion exchange membrane was

found to be the major loss of Faradaic efficiency (FE) in the cell when operating at these
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high formic acid concentrations. Utilizing a Nafion® 324 membrane, the formate
crossover through the membrane was substantially reduced. The formic acid cell FE
performance increased dramatically to 94%, producing a 10 wt% formic acid product at

a 140 mA/cm? current density.
Summary

A novel 3-compartment electrochemical cell design with the capability of generating
a high concentration pure formic acid product from the reduction of CO, is detailed in
this paper. The cell configuration consists of an anode compartment, a center flow
compartment containing a cation exchange resin electrolyte bounded by a PFSA cation
exchange membrane on the anode side and a proprietary Sustanion™ anion exchange
membrane on the cathode side, and employing an imidazole-nanoparticle Sn catalyst-
based GDE in the cathode compartment. The electrochemical cell operated at a current
density of 140 mA cm™ at a cell voltage of only 3.5 V with formic acid Faradaic
efficiencies of up to 94%. High formic acid Faradaic efficiencies were found to be
critically dependent on the selection of the cation membrane utilized in the anolyte
compartment side of the cell. Nafion® 324 was found to provide the lowest
formate/formic acid crossover into the anolyte compartment. The novel formic acid cell
design shows a potential route for future commercial use of formic acid as a sustainable
chemical feedstock in generating downstream chemicals, as well becoming a viable

chemical-based energy storage medium in hydrogen storage/generation.

Acknowledgements

Parts of this work were supported by DOE under contract DE-SC0004453 and by 3M
Company. The opinions here are those of the authors and may not reflect the opinions of
DOE or 3M. Assistance from colleagues, collaborators and friends from 3M are
gratefully acknowledged. @ The authors filed a U.S. patent application on the
electrochemical process and designs discussed here, which were recently published. The
authors all have a financial stake in the outcome on the sale of the Sustainion™

membranes discussed in this paper.

429
Downloaded on 2017-08-08 to IP 128.59.222.107 address. Redistribution subject to EC% terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 77 (11) 1425-1431 (2017)

References

1. E. A. Quadrelli, G. Centi, J-L Duplan, and S. Perathoner, ChemSusChem, 4 (2011).

2. S. Sankaranarayanan and K. Srinivasan, Indian J. Chem., S1A Sep-Oct (2012).

3. R. L Masel, R. Ni, Z. Liu, Q. Chen, R. Kutz, L. Nereng, D. Lutz, and K. Lewinski,
Energy Procedia, 63 (2014).

4. R. Masel, Z. Liu, Di Zhao, Q. Chen, D. Lutz, and L. Nereng, RSC Green Chemistry,
No. 43, ed. by S. Snyder, PDF eISBN: 978-1-78262-244-4, Chap 10 (2016) 215-257.

5. M. Aresta, A. Dibenedetto, and E. Quaranta, J. Catalysis, 343 (2016).

6. B.Hu, C. Guild, and S. L. Suib, J. CO, Util., 1 (2013).

7. X.Lu,D.Y.C. Leung, H. Wang, M. K. H. Leung, and J. Xuan, ChemElectroChem, 1
(2014).

8. Y. Hori Y, H. Wakebe, T. Tsukamoto, and O. Koga, Electrochim. Acta., 39 (1994).

9. M. Jitaru, D. A. Lowy, M. Toma, B. C. Toma, and L. Oniciu, J. Appl. Electrochem.,
27 (1997).

10. M. Jitaru, J. Univ. Chem. Tech. and Metall., 42(4) (2007).

11. Y. Hori, Mod. Asp. Electrochem., 42 (2008).

12. H. Li, and C. Oloman, J. Appl. Electrochem., 37 (2007).

13. M. Alvarez-Guerra, S. Quintanilla, and A. Irabien, Chem. Eng. J., 207 (2012).

14. M. Alvarez-Guerra, A. Del Castillo, and A. Irabien, Chem. Eng. Res. Des., 92(4)
(2014).

15. B. Innocent, D. Liaigre, D. Pasquier, F. Ropital, J. Léger, and K. B. Kokoh, J. App!.
Electrochem., 39 (2009).

16. E. Irtem, T. Andreu, A. Parra, M. D. Hernandez-Alonzo, S. Garcia-Rodriguez, J. M.
Riesco-Garcia, G. Penelas-Pérez, and J. R. Morante, J. Mater. Chem. A., 4 (2016).

17. A. S. Agarwal, Y. Zhai, D. Hill, and N. Sridhar, ChemSusChem, 4 (2011).

18. Lv, R. Zhang, P. Gao, and L. Lei, J. Power Sources, 253 (2014).

19. S. Zhang, P. Kang, and T. J. Meyer, J. Am. Chem. Soc., 136 (2014).

20. J. Wu, P. P. Sharma, B. H. Harris, and X. Zhou X, J. Power Sources, 258 (2014).

21.J. L. White, J. T. Herb, J. J. Kaczur, P. W. Majsztrik, and A. B. Bocarsly, J. CO,
Util., 7 (2014).

22.J. Qiao, Y. Liu, F. Hong, and J. Zhang, Chem. Soc. Rev., 43 (2014).

430
Downloaded on 2017-08-08 to IP 128.59.222.107 address. Redistribution subject to EC% terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

ECS Transactions, 77 (11) 1425-1431 (2017)

23. P. Bumroongsakulsawat, and G. H. Kelsall, Electrochim. Acta., 159 (2015).

24.D. Du, R. Lan, J. Humphreys, S. Sengodan, K. Xie, H. Wang, and S. Tao, Chemistry
Select, 1(2016).

25. M. N. Mahmood, D. Masheder, and C. J. Harty, J. Appl. Electrochem. 17 (1987).

26. D. Kopljar, A. Inan, P. Vindayer, N. Wagner, and E. Klemm, J. Appl. Electrochem.,
44 (2014).

27.S. Sen, B. Skinn, T. Hall, M. Inman, E. J. Taylor, and F. R. Brushett, MRS Advances
(2017), 1-8, doi: 10.1557/adv.2016.652.

28. R. 1. Masel, and B. A. Rosen, U.S. Patent 8,956,990 (2014).

29. R. I. Masel and Q. Chen, U.S. Patent 9,193,593 (2015).

30. R. I. Masel, Q. Chen, Z. Liu, and R. Kutz, U.S. Patent 9,370,773 (2016).

31. Masel R.I., Q. Chen, Z. Liu, and R. Kutz, U.S. Patent 9,481,939 (2016).

32. R. I. Masel, B. A. Rosen, and W. Zhu, U.S. Patent 9,181,625 (2014).

33. R. I. Masel, A. Salahi-Khogin, and B. A. Rosen, U.S. Patent 9,012,345 (2015).

34. B. A. Rosen, A. Salehi-Kohjin, M. R. Thorsen, W. Zhu, D. T. Whipple, P. J. A.
Kenis, and R. 1. Masel, Science, 334 (2011).

35. Z. Liu, R. 1. Masel, Q. Chen, R. Kutz, H. Yang, K. Lewinski, M. Kaplun, S. Luopa,
and D. R. Lutz, J. CO, Util., 15 (2015).

36.J. J. Kaczur, H. Yang, S. D. Sajjad, and R. 1. Masel, U.S. Patent Application
2017/0037522 (2017).

431
Downloaded on 2017-08-08 to IP 128.59.222.107 address. Redistribution subject to EC% terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

