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1. Abstract

A promising, renewable energy storing technology is the reduction-oxidation (redox flow)
battery, which has been successfully applied to commercial applications. Redox flow batteries
offer an easily scaled-up solution for storing energy, with minimal self-discharge and capacity
loss after many charge-discharge cycles. Here, we review the literature on redox flow batteries,
identify current research trends in the literature using a new software tool for identifying
keywords, and suggest future directions for continuing redox flow battery research.

2. Introduction

The disastrous impacts of climate change are well recognized by the global scientific
community.’'® Replacing fossil fuel energy systems with renewable energy systems are also
recognized as a solution for combat this pressing issue."'* Less often addressed is the need for
safe, efficient storage of the energy produced by these renewable energy systems.' Large
scale battery infrastructure provides stability to the renewable grid during times of low
production (e.g. low energy capture by solar systems on rainy days) while avoiding energy
waste during periods of high production. Currently, lithium ion batteries are the standard for
energy storage, however they have several major drawbacks: their maximum capacity degrades
quickly, dropping slightly after each charge/discharge cycle; damage to the battery can result in
fires or explosion; they rely on rare materials leading to their production having a high carbon
footprint. An alternative to lithium-ion batteries are redox flow batteries, a promising energy
storage technology that is posed to mitigate many of the drawbacks of lithium-ion batteries.

Redox flow batteries work on the principles of electrochemistry, generating a current of
electrons by reducing and oxidizing electrolyte solutions in contact through a semipermeable
membrane. Fig. 1 shows a redox flow cell and its various components, including the
semipermeable membrane and flow fields. The charge capacity of redox flow batteries is easily
increased by increasing the amount of electrolyte solutions available (which require larger
solution tanks). These batteries are easily recharged by reversing the voltage across the cell,
and renewable energy sources such as solar power could be harnessed for this purpose. Redox
flow batteries do not undergo the same functional degradations over time that have been
observed in lithium-ion batteries.’ In this paper, we review the redox flow battery literature and
identify current research trends, and conclude by suggesting future directions for research on
redox flow batteries.
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Fig. 1: Diagram of a redox flow cell'’
3. Methodology

All papers included in the review were located using the Clarvariate Analytics Web of
Science database. An asterisk (*) was included in place of the last several letters of search
terms, which allows the database search engine to compile all results that begin with the
specified letters and end with any letter(s). For example, searching “batter*” will return results
that contain the words: batter, battery, batteries, battering, etc. (see Table 1 for the full list of
search terms used in the study).

Table 1. Complete list of search terms used in the study.
Search Terms

redox flow batter*

vanadium redox flow

vanadium redox flow batter*
microfluidic redox flow

laminar flow microfiuidic chip
microfluidic chip

novel redox flow

novel redox flow batter”

iron chromium redox flow

iron chromium redox flow batter”
three-dimensional print* redox flow batter”
3D print* redox flow batter”

Note. The search terms in each row represent a single Web of Science search. Results gathered from all
of these searches, once downloaded, were sorted into folders by topic.



To narrow the initial results of each search, the Web of Science Search Within tool and
filters were used. With the search tools, experimental or review articles available in English were
retained, and results with unrelated topics were omitted (e.g. biology). Remaining results from
each search were downloaded as PDF files into separate folders by topic. Results were then
narrowed further by deleting papers where the title, keywords, or abstract indicated that the
paper topic was beyond the scope of our purpose. This process was initially conducted for
identifying literature relevant to constructing and optimizing iron-chromium redox flow batteries,
but was repurposed for this review. Papers were sorted into four general categories: 3D printing
redox flow batteries, iron chromium redox flow batteries, microfluidic redox flow batteries, and
redox flow batteries in general. In total, 97 papers were retained for the prior research on
construction and optimization. These 97 papers were searched with data extraction software
(below) to better identify what trends might be present in the literature. Of these 97 papers, only
19 suggested major trends in redox flow battery research. These 19 papers are included in the
analysis section below.

In order to extract data from as many papers as possible, a program was written to
extract data from all 97 papers, Data were compiled in one summary document. This was
accomplished through a .NET console application called “PaperMole.” The program is written in
the C# programming language and utilizes the NuGet package “iTextSharp” to stream and edit
PDF documents. Upon launching, the console prompts the user to input a keyword for the
program to hunt for within the papers (Fig. 2). Once entered, the program then parses through
each PDF document in the directory line by line. If the document cannot be read by the
program, the console logs the error and prints the title of the paper that it could not process.
Using regular expressions, the program tests whether a given line contains the keyword. If it
does, the line is copied and entered into the summary document along with the given page
number and line number where the keyword was located. The program loops through each
paper in the directory and then terminates when it reaches the directory’s end. In the console, it
logs how many papers it attempted to process, how many papers it was able to process, and
how many papers were not able to be processed. The console then tells the user how many of
the papers contained the desired keyword and then the program terminates.

The results are exported in a text file located at the specified summary file path. Within
the summary file, the number of papers processed, the number of papers with the keyword, and
the keyword itself are written at the top. The body of the file consists of the title of each paper,
the number of times that the keyword is found within the paper, and a copy of the line from the
paper in which the keyword was found. The purpose of copying the entire line of text in which
the keyword was found is to allow the reader of the text file to gain some context for which the
keyword arises. In doing so, if the copied line appears to give a data point that fits within the
scope of the literature review, the user can quickly consult the whole paper, find the data point
at the given page and line number, and determine if the data point can be used.



PaperMole
Uersion 2.8

Keyword? =
pressure

Checking for errors...
lInable to process Wang_et_al

Error code: Mo data is available for encoding 1888B. For information on definin
a custom encoding,. see the documentation for the Encoding.RegisterProvider meth
od.

Successfully scanned 17 papers for the phraze “pressure’.
Unable to process 1 papers.

13 papers contained the keyword.

6 papers did not contain the kevuword.

Press any key to exit

Fig. 2: The keyword search tool main screen

After the text search results were reviewed, papers were read and examined for trends
in the literature. Of the 97 total papers analyzed, it was concluded that the 19 papers cited in
this paper best illuminated trends in the redox flow battery literature Based on these trends,
possible future research directions were suggested. Four primary research trends were found,
all of which are discussed below.

4. Analysis

Four major trends in 19 papers on redox flow battery research were identified from the
literature review. These trends were: material and chemical membrane modifications,
membraneless batteries, material and chemical electrode modifications, and electrode
compression. Investigations of these trends, published in the literature, are summarized below.

Membranes + Membraneless

Nafion membranes are commonly used in redox flow batteries, but developments in
redox flow battery technology have led to sulfonated poly(ether ether ketone) (SPEEK)
membranes, which promise better performance for a lower cost. SPEEK membranes have
demonstrated stable performance with less discharge capacity decline and a lower
self-discharge rate than cells using Nafion membranes." Combined with lower capital costs,
SPEEK membranes are a direction of interest for further improvement of redox flow batteries
and are evidence of the maturation of the technology.

Furthermore, not only have physical modifications improved redox flow batteries, but
increased performance through chemical modifications have also been demonstrated. In biofuel
and in zinc-vanadium fuel cells, membranes have been successfully replaced by microfluidic
chips'®? and Whatmann #2 filter paper,?' respectively. These various research directions



suggest promise for an eventual substitution from common Nafion membranes to cheaper,
equally or performance improving alternatives in redox flow battery membranes.

On top of the research being done to find cheaper alternatives to Nafion membranes,
there is a movement toward removing the membrane from redox flow batteries altogether, thus
eliminating this cost completely. These designs are comparable to microfluidic fuel cells.
Microfluidic fuel cells use microfluidic chips as solution flow-through structures, and are
designed to procure laminar flow within the battery cell. In microfluidic systems, reaction sites
and electrode structures are confined to channels in the microfluidic chips.? This design is
inherently different from traditional redox flow batteries because microfluidic fuel cells are much
smaller and compact, in comparison to the large and separated storage tanks typically used in
the design of a redox flow battery. In one study, researchers examined five major designs of
microfluidic batteries from studies published between 2004 and 2016, in order to suggest how
these designs can be modified to fit the needs of a potentially membraneless redox flow battery.
The performance metrics for investigating potential wider use and future commercialization of
membraneless redox flow batteries were established. The biggest potential improvement in this
new design is suggested to be optimized stackability of a unit membraneless redox flow
battery.?

Electrodes + Electrode Compression

New advances in electrode materials and optimization studies are also becoming more
commonly studied in experimental research on redox flow batteries. One such new material
technology is the graphite felt electrode. Graphite felt electrodes have been tested as a
replacement for other, standard carbon felt electrode materials. Graphite felt has been shown to
exhibit greater efficiency and stability than carbon felt electrodes and additional future research
on graphite felt is recommended.?* More specifically, two types of graphite felt materials have
been compared for redox flow battery electrodes: rayon and polyacrylonitrile (R-GF and
PAN-GF respectively). Both graphite felt technologies are promising for use as electrodes.
PAN-GF proved easier and cheaper to manufacture and had better electrocatalytic properties,
proving to have a faster charge transfer rate. R-GF is larger, however, which allows for better
electrolytic solution diffusion and mass transfer.? Both technologies should be investigated
further.

Aside from switching materials, existing electrodes can also be improved to increase
performance. Some studies have focused on the use of high-performance porous carbon
electrode configurations as a way to balance the cost and performance of this system.??°
These electrode configurations are designed to increase the power output of the cell by either
increasing reaction rates and kinetic rates,* ?® mass transportation rate,*' or through increasing
both the kinetic rates and active electrochemical surface area.?

Moreover, redox flow batteries have been shown to improve their performance when the
pressure drop between the tubing of the pumps and the cell is minimized. In order to keep a
potential across the two solutions, pumps must constantly provide a current, which has an
energy cost. This cost has a direct relationship with the presence of a pressure drop.'®*%* One
technique that has been shown to reduce this pressure drop is a reduction in felt electrode pad
compression.'®3%*" Redox cells with decompressed pads demonstrated greater peak power



densities and performed more efficiently than cells with uncompressed felt®*. Cells with
compressed felt exhibited a 45-70% increase in their pressure drop compared to when they had
decompressed pads.*® Decompressing the felt has also been shown to have no significant effect
on the overall felt electrode pad surface area and in turn has little to no negative effect on the
charge capturing capacity of the felt.*

5. Conclusion

Redox flow batteries, as evidenced by an abundance of literature, are a very active field,
with research being conducted to improve many aspects of these batteries, from membranes to
electrodes and more. Continued investigation and innovation in the field of redox flow batteries
will allow the technology to improve, growing cheaper and more efficient as time goes on.
Combined with the modularity of many redox flow setups, the continued development of these
technologies will be easy to implement into existing systems.

Redox flow battery technology is well positioned to service the energy storage needs of
a renewable energy grid. Redox flow batteries are comparable to lithium ion batteries, and are
similar if not better in terms of cost and material abundance.'® For these reasons, redox flow
batteries are an important technology and their implementation in new energy storage systems
may prove beneficial over the current standard of lithium ion batteries.

Going forward, redox flow batteries should be investigated further. There is still room for
innovation in the technology, as evidenced by many recent papers pushing the field forward.
Membrane technology could be improved by further investigation into SPEEK membranes,
including investigating chemical composition and treatment. There is also the alternative route
of removing the membrane entirely and reconfiguring the redox flow battery to emulate a fuel
cell. Future work into the capability of microfluidics can be done to further explore this possibility.
The identification of graphite felt as the superior choice for electrode material, as well as
investigation of specific graphite felt materials to determine the ideal candidate is evidence of
growth in the field and maturation of the technology of redox flow batteries. Moreover, if the felt
is allowed to decompress, battery performance could be further optimized to minimize power
loss. In sum, continued chemical and physical modifications to existing and novel battery
component materials are the most promising directions for future redox flow battery research,
based on trends identified in the literature.
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