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Abstract

Energy storage systems are the essential elements of renewable-based power grids.
Redox Flow Batteries (RFBs) are recognized as a perspective technology for such grids
due to long cycle life, fast response, and independent power-capacity scaling. RFBs utilize
liquid electrolytes, stored in reservoirs, and pumped through the electrochemical cell,
where the redox reactions occur. The maximum specific capacity of RFB is determined by
a solubility limit of redox-active materials in the electrolytes (< 40 Wh L"). Moreover,
complete capacity utilization at rated power is rarely achieved in practice, which leads to
high energy cost.

The incomplete capacity utilization is attributed either to ineffective cell design or
to improper redox response in the case of newly developed chemistries. In this thesis,
methods for identification of the insufficient capacity utilization reasons for both cases
were developed based on the examples of vanadium RFB and redox-active colloids, as a
new approach to the electrolyte capacity enhancement.

Vanadium RFB is a verified system with sluggish kinetics that requires effective
cell design and material selection (bipolar plates and porous electrodes) for high capacity
utilization. In this thesis, I proposed a benchmarking protocol for bipolar plate
characterization and developed methods for kinetics investigation in porous electrodes.

Poor vanadium kinetics results in activation losses that become significant at low
states of charges, decreasing the available capacity. The vanadyl oxidation reaction
pathway on the carbon paper electrode for the first time was tracked by a

spectroelectrochemical method based on in-situ Raman spectroscopy. The result of the



study was the reaction pathways scheme, indicating that the formation of vanadium
complexes starts at lower overpotentials and occurs only on oxidized surfaces of the
electrode. Furthermore, the numerical kinetic parameters for vanadium redox reactions
were derived using a new method. Polarization curves from symmetrical cell equipped with
reference electrodes were fitted by the upgraded model with activation losses. As a result,
the apparent rate constants were evaluated, and noticeable asymmetry was observed for
charge transfer coefficients with lower values for reduction reactions in both anolyte and
catholyte.

Besides vanadium chemistry, I investigated minor capacity utilization issues of two
redox-active colloids based on LiMn,O4 nanoparticles and polymer microgels anchored by
TEMPO molecules. A low conductivity of nanoparticles was the limiting factors in both
cases, proven by a single-particle collision method.

Overall, this thesis proposes the state-of-the-art framework of material
characterization methods, which are effective and industry applicable tools for diagnostic

of inefficient capacity utilization of RFB.
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Chapter 1. Introduction

Reduction of CO; emission and introduction of ESG (Environmental, social, and
corporate governance) approaches in most of the production areas is a global trend.
Orientation to green energy production makes the whole stack of technologies in the market
very demanded. Renewables have a 95% share of the net increase in global power capacity
(290 GW renewable power generation in 2021), thus, playing a significant role in the

sustainably-oriented energy market [1].

Challenges

Volatility Low Utilization Congestion Security “Dirty” Pow1
' £ 2 e {

v o v — — T -
Fuel Generation Transmission Distribution Service

1I

Hedge Risk Baseload Arbitrage Higher Utilization Stability Power Quali

Benefits

Fig. 1.1 Benefits of the energy storage along the electricity value chain. Reprinted with

permission from [2]. Copyright 2022 Energy Storage Council.

New infrastructures are required for integrated and distributed renewables-based
grid systems to maintain operational flexibility and durability in the energy supply. Hence,
optimization of energy distribution and profitability from renewable energy sources
requires a joint installation of Energy Storage Systems (ESS). Therefore, all components
of the grid supply chain ESS implementation is seen to be beneficial (Fig. 1.1) [2,3]. That

is why a significant growth in ESS installations is expected to create a market opportunity
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for manufacturers worth a cumulative $27 trillion through to 2050 [1]. Energy storage
systems include a bench of various technologies, and the one is selected based on grid
service required [4]. In the following chapter, the main ESS use cases and technologies will
be overviewed. Particularly, battery systems will be discussed in more detail. Among the
batteries, this thesis is devoted to the Redox Flow Battery (RFB) technology, which will
be introduced with an advanced discussion of the technology, unsolved problems, and the

state-of-art approaches for overcoming the limitations.

1.1 Energy Storage technologies

ESSs are divided firstly in terms of stored energy type into mechanical, thermal,
electrochemical, electrical, and chemical (Fig. 1.2). Based on each type of energy different
devices were developed. As the particular devices have specific ranges of power, capacity,
and time response, the second classification of ESSs is based on matching technologies and

applications (Fig. 1.3).

Electrical energy storage systems

Mechanical Electrochemical Electrical
| Secondary batteries Double-layer
» Pumped hydro - PHS " Load acid / NiCd / Nitdh / Li/ NaS ' Capacitor _y['ch
: 1 Flow batteries Superconducting
? Compressed air - CAES - Redox flow / Hybrid flow magnetic coil - SMES
Flywheel - FES -
b Chemical Thermal
Hydrogen . Sensible heat storage
Electrolyser / Fuel cell / SNG Molten salt / A-CAES

Figure 1.2 Classification of Storage Technologies by Energy Type. Reprinted with

permission from [5]. Copyright 2022 Energy Regulators Regional Association.
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In general, use cases of ESS dictate two main factors for the selection of
technology: discharge time and power. Three power regions demonstrate a gradual drop in
required power from generation to the end-user supply chain. Middle power applications
with >1 min discharge time are recognized as the most demanded and searching for new

solutions field, which includes a constantly updated list of applications.

Key - Types of Storage: S Electrochemical [:] Mechanical

Reserve & Response Transmission & Distribution Bulk Power
Services Support Grid Management
Pumped

Hydropower
Storage

Hours

Elow Batteries Compressed Air Energy Storage

Advanced Lead-Acid Battery

Li-ion Battery

Minutes

Lead-Acid Battery

Nickel Cadmium Battery

Discharge Time at Rated Power

Nickel Metal Hydride Battery

Seconds

[ )( )

1kW 10 kW 100 kW 1MW 10 MW 100 MW 1GW
System Power Ratings, Module Size

Fig. 1.3 Comparison of key-type energy storage technologies in sense of storage capacity
and discharge power duration. Reprinted with permission from [6]. Copyright 2022

Elsevier.

17



A lot of pilot projects along with the development of legal basis, regulation

procedures, and standardizations are ongoing around the world [7]. In practice, the

realization of a single project of the device installation is performed by network owners,

network operators, or “Behind-the-meter” customer services [8]. The extended list of ESS

implementations with technical requirements is shown below

Table 1.1 Technical requirements for Grid Applications of Battery Energy Storage [7,9,10]

Grid Application

Technical Considerations

Electric energy time-shift (arbitrage) Purchasing
inexpensive electric energy, stored during periods
when prices or system marginal costs are low.
Storage can provide similar time-shift duty by
storing excess energy production from renewable

sources.

Electric supply capacity Energy storage could be
used to defer or reduce the need to buy new central
station generation capacity in the wholesale

electricity marketplace.

Regulating reserve (Frequency control)
Automatically correct the continuous, fast, frequent
changes in load or generation within the shortest

applicable market interval

Storage system size range: 1 —

500 MW

Target discharge duration range:

<1 hour

Minimum cycles/year: 250 +

Storage system size range: 1-500

MW

Target discharge duration range:

2—-6 hours
Minimum cycles/year: 5—100

Storage system size range: 100

kW-200 MW

Target discharge duration range:

10 seconds to 1 hour

Minimum cycles/year: 250-2000
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Spinning, non-spinning, and supplemental
reserves The operation of an electric grid requires
reserve capacity that can be called on when some
portion of the normal electric supply resources
unexpectedly become unavailable. Generally,
reserves are at least as large as the single largest

generation unit.

Voltage support Normally, designated power plants
are used to generate reactive power (expressed in
VAr) to offset reactance in the grid. These power
plants could be displaced by strategically placed
energy storage within the grid at central locations or
by multiple VAr-support storage systems placed

near large loads, following the distributed approach.

Black start Storage systems provide an active
reserve of power and energy within the grid and can
be used to energize transmission and distribution
lines and provide station power to bring power

plants online after a catastrophic failure of the grid.

Transmission upgrade deferral involves delaying
utility investments in transmission system upgrades,
by using relatively small amounts of storage.
Consider a transmission system with peak electric
loading that is approaching the system’s load-
carrying capacity (design rating).

Transmission congestion relief When transmission
capacity additions do not keep pace with the growth

in peak electric demand, the transmission systems

Storage system size range: 10—

100 MW

Target discharge duration range:

15 minutes to 1 hour

Minimum cycles/year: 20—50

Storage system size range: 1-10

MW

Target discharge duration range:

Not applicable
Minimum  cycles/year:  Not
applicable

Storage system size range: 5-50

MW

Target discharge duration range:

15 minutes to 1 hour
Minimum cycles/year: 10-20

Storage system size range: 10—

100 MW

Target discharge duration range:

2—-8 hours

Minimum cycles/year: 10-50

Storage system size range: 1-100

MW
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become congested. Electricity storage can be used to

avoid congestion-related costs and charges,
especially if the costs become onerous because of

significant transmission system congestion.

Power quality The electric power quality service
involves using storage to protect customer on-site
loads downstream (from storage) against short-
duration events that affect the quality of power
delivered to the customer’s loads (variations in
voltage magnitude, variations in the primary 60-
hertz (Hz) frequency, low power factor (voltage and
current excessively out of phase with each other),
harmonics (the presence of currents or voltages at
frequencies other than the primary frequency),

interruptions in service)

Demand charge management Electricity storage
can be used by end-users (utility customers) to
reduce their overall costs for electric service by
reducing their demand during peak periods specified

by the utility.

EV charging infrastructure Energy storage that is
used as an energy source for EV charging
infrastructure, including in combination with an on-

site PV system

Target discharge duration range:

1-4 hours

Minimum cycles/year: 50-100

Storage system size range: 100

kW-10 MW

Target discharge duration range:

10 seconds to 15 minutes

Minimum cycles/year: 10-200

Storage system size range: 50

kW-10 MW

Target discharge duration range:

1-4 hours
Minimum cycles/year: 50-500

Storage system size range: 50

kW-10 MW

Target discharge duration range:

4-8 hours

Minimum cycles/year: 150-500
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The most common use for battery storage in 2018 was a frequency regulation
(50%), followed by reserve capacity (9%), bill management (8%), and energy time-shifting
(8%) (percentage of total installed capacity) [9]. However, the shown classification does
not include the market size for each use case, one can observe a significant share of batteries
technology, which covers a sufficient list of use cases. The economic profitability of each
technology for the use case is calculated by the Levelized Cost of Storage (LCOS), which
summarizes power and energy-related capital and operational costs ($/kW and $/kWh),
performance metrics for energy storage technologies [10]. The LCOS is calculated based

on equation 1.1:

Investment cost + ZNO&M cost ZNChargmg cost N End-of -life cost
(P U Sy (P Aer)
Eq.1.1

Mwh} = yEleCsged
n(1+r)"

LCOS[

Where r is the discount rate, n is a specific year of operation, and N is the lifetime of the
technology. The lifetime is the minimum of cycle life including construction times. O&M
is the operation and maintenance cost. Elecpischarged 18 calculated discharged electricity,
which considers annual cycles, nominal energy capacity depth-of-discharge, round-trip
efficiency, cycle degradation, time degradation, self-discharge, and construction time of

the technology.

Typical values of the LOCS for frequency regulation application with a power
range of >50 MW are presented in Table 1.2 (data was reproduced from [10,11] and
recalculated for the 2018 year). More recent information on economical profitability varies

greatly depending on the source.
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Based on the LOCS and the requirements of the project the ESS is selected. If the

pumped-hydro is an established technology with dominated power share of 94 % (199.5

GW in 2021), its list of use cases is limited by > 1 GW power requirements, and continuous

growth of distributed power grid (< 100 MW) promotes the development of other

technologies [12]. The investments into the alternatives, like batteries and flywheels, are

continuing to grow even though its global power share is small. Global investments in grid

battery storage were estimated at roughly 4.7 billion U.S. dollars, with an increase of 34 %

in comparison to the previous year [13]. Total power installation of grid energy storage

achieved 12 GW in 2021, with a Russian share of 125 MW [14].

Table 1.2. Technology input parameters for LCOS (with standard deviation).

Lithium- Vanadium
Units ion Lead-acid RFB
LCOS $/MWh 251 (19%) 382 (10%) 328 (21%)
Operation cost - Power  $/kW-yr 10 (35%) 8 (31%) 12 (52%)
Operation cost - Energy ~ $/MWh 3 (60%) 1 (60%) 1 (60%)
Replacement interval ~ cycles 3250 1225 8272
Discount rate % 8 8 8
Round-trip efficiency % 86 (7%) 84 (0%) 74 (9%)
Self-discharge ~ %/day 0 0 0

22



Lifetime (100% DoD)  cycles 3250 (38%) 1225 (35%) 8272 (13%)
Shelflife  years 13 (38%) 10 (50%) 13 (20%)
Time degradation  %/year  0.017 (5%) 2.2 (5%) 1.7 (5%)
Cycle degradation  %/cycle  0.0069 (5%) 0.0182 (5%) 0.0027 (7%)

Construction time ~ years 1 1 1

To sum up, the LCOS trend, market growth, and listed above ESS use cases
illustrate the profitability of battery technology for many applications. Existing

battery technologies are discussed below in more details.
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1.2 Battery energy storage systems overview

Batteries convert the electric energy into the form of chemical energy by a specific
electrochemical process. Throughout the thesis, I discuss rechargeable batteries (secondary
batteries), which can undergo discharge-charge cycling many times. The main specific
characteristics of battery technology are (1) power ratings: total electrical power required
for a normal operation of a device; (2) discharge time at rated power; (3) volumetric energy
density in Wh L'!; (4) gravimetric energy density in Wh kg™!. The power rating graph with
listed battery types demonstrates a unique niche for different technologies (Fig. 1.3). The
most common batteries, like lead-acid and lithium-ion, have less discharge time at rated
power, than redox flow batteries. This fact is attributed to independent scaling of capacity
and power in RFB, while these parameters are bounded for Li-ion and Lead-acid batteries.
Below lithium-ion technology is briefly introduced showing the limitations and advantages

as a reference technology in comparison with redox flow batteries.

1.2.1 Lithium-ion batteries (LIBs)

Lithium-ion batteries were introduced into the market in 1991 [15]. Due to its
revolutionary high energy density this technology attracts huge investment and scientific

interest, boosting the durability and economic profitability yearly [16].

The basic working principle is based on a reversible electron-ion coupled
electrochemical reaction, called (de)intercalation, which happens inside the solid crystal

material. Li" intercalates into the host matrix of the materials, while the electron is
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transferred from the external electrical circuit to the host crystal’s atom, maintaining
electroneutrality (Fig. 1.4 A). The intercalation processes have different equilibrium
potentials for each type of host matrix (Fig. 1.4 B). Materials, like graphite and lithium
titanate, have a low potential for intercalation and are utilized as anodes in Li-ion batteries.
High-voltage materials are used as cathodes, this list is represented by transition metal
oxide materials, like lithium cobalt oxide, lithium iron phosphate, lithium manganese
oxide, lithium-rich layered materials, and lithium nickel manganese cobalt oxides.
Maintaining ion currents inside the battery is done by organic electrolytes, which are a mix
of lithium salts and organic solvents [16]. Common lithium salts are lithium
hexafluorophosphate, lithium tetrafluoroborate, and lithium perchlorate, which are
dissolved in a mixture of ethylene carbonate, propylene carbonate, dimethyl carbonate,

or/and diethyl carbonate.

Technically, the LIB is assembled from two metal foils covered with a thin film of
mixed electroactive materials, carbon source, and binder (called anode and cathode
slurries), which are sandwiched between the polymer separator and drenched in liquid
electrolyte. Different forms of cells are manufactured, like pouches, coin-cells, cylindrical,
and prismatic, depending on the packaging procedure of such sandwich-like roll of Li-ion

battery components.
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Fig. 1.4. A - scheme of Li-ion batteries operation principal; B — voltage-capacity chart of
anode and cathode materials. These images are reprinted with permission from [16,17]

Copyright 2022 Joint Research Centre (European Commission). Copyright 2022 Elsevier.

Economically driven research in LIBs implies solving problems with the most
impact on price, which are (1) long cycle life and low-capacity fade; (2) high power
density; (3) fast charging; (4) minimal impact on the environment; (5) production cost

decrease; and (6) safety.

1) Long cycling and low-capacity fade are the most crucial parameters for the LCOS,
as it predicts the total amount of stored energy. The batteries cycling and degradation
speed depend on the depth of discharge and rate of discharge. In practice, manufacturers
declare from 500 to 5000 cycles for 80% of discharge at a rated power of 1 C (battery

discharge in one hour) [8]. The lifetime of LIB is dictated by degradation mechanisms
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inside the cell. The main issues are the formation of a thick blocking layer on surfaces of
anode and cathode slurries, called SEI — solid-electrolyte interface; detaching the slurry
from the supporting foil, hence, loss of electron contact; and irreversible phase
transformation in the structure of cathode materials [18]. Ongoing R&D for improving
the lifecycles is focused on advanced charge-discharge protocols, boosting the cell

stability, and minimizing the SEI growth [19].

2) An increase in gravimetric power density can be achieved by reducing the mass of
non-electroactive components in the cell, or by enhancing the capacity and power of the
materials. Tesla implements the first path from the manufacturing point of view by
changing the form-factor of the battery from 18650 to 4680 [20]. On the other side, the
scientific community proposes new perspective materials for the cathode side and new

high-voltage electrolytes to enhance battery power and specific capacity [21].

3) Fast charging request from the electrical vehicle industry implies the development
of advanced cells. Improvement in fast charging performance is a multiscale problem,
thus, new approaches are needed from atomic to system level [22]. At the nanoscale level,
materials with advanced morphology are developed, which are capable of fast and

reversible redox processes, e.g. graphene-based ones.

4) Eco-friendly technology and the availability of raw materials are the high-risk
points in the manufacturing process. Typically used cobalt, lithium and nickel are mined
in certain regions; thus, control of the material source, mining methods, and distribution

streams are controlled by the local governments. This issue forces battery manufacturers
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to hedge risks by developing materials from available components (like LiFePO4) and
creating a distributed suppliers’ system [23]. Moreover, continuous improvement of

assessment metrics of CO; emission from mining and manufacturing is ongoing [8,24].

5) Overall, the ecological trend and the goal to reduce production costs lead to the
development of circular economics, meaning the reuse of raw materials from spent
batteries [25]. The recycling industry is growing rapidly these days and a lot of effective

material recovery technologies were introduced [25,26].

6) Safety is always the main requirement for mass-production technology. LIBs have
already come a long testing way; specialists accumulated a lot of experience by working
with them and many critical issues were overcome. Still, the development of testing
standards and tuning of technologies are continuing [27]. Moreover, special additives are
used in the electrolyte to prevent overcharging, which is usually the reason for

inflammation [28].

Proposed solutions to each problem, discussed above, can reduce the manufacturing
cost of LIBs, and move the technology to a mass-production scale for electrical vehicles

and ESS.

Overall, the LIBs market is exponentially growing, exciding 286 GWh at 2021
[29]. The lithium-ion battery market is focused on the more marginal sector of electric
cars. ESSs are a secondary market, usually for second-life batteries, since LIBs do
not fully meet the requirements of LCOS due to a small number of cycles and

discharge time at rated power [30]. Thus, the ESS niche is the main for flow batteries.
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The protracted stage of pilot testing is the only reason for the not low LCOS yet (small
production volumes). RFBs have a gap in these ten years to occupy their niche,
otherwise then the market will be overflowing with used lithium-ion batteries from

electric cars, which is already a great trend [30].

1.2.2 Post Lithium-ion batteries

1) Sodium-ion batteries (SIBs). Sodium ions, as well as lithium ions, can undergo the
intercalation reaction into the host crystal structure despite bigger radius. While the
production technology requires the same steps and manufacturing facilities, the main

features lie in materials for cell production (anode, cathode, and electrolyte).

The development of sodium intercalation materials starts in the 90-s. Up to now,
only several anode materials, like hard carbon and titan-based compounds, have reached a
commercial stage of technology with demonstrated stable cycling over 1000 cycles [31].
Hard carbons are usually prepared by high-temperature carbonization of solid-phase
polymer precursors as a carbon source. Sodium plating on hard carbon surfaces during fast
charging (same as high overpotentials) is one of the safety concerns. The most critically
unresolved issue, however, is the first cycle’s irreversible capacity loss, which reduces the
access charge. More advanced sodium metal anodes are still under development due to
unstable surface passivation layer [32]. Titan-based components, like sulfides, NASICON-
type NaTi2(POs)3, and anatase-type TiO» have a sloping voltage profile that undermines

the available energy density. Furthermore, low first-cycle coulombic efficiency leads to a
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gravimetric capacity of less than 150 mAh g™'. Electrolyte selection is another challenge
for SIBs which depends on the selected anode material. Stabilization of SEI and

electrochemical stability at high voltages are the most critical points.

Cathode materials are represented by two major groups: layered metal oxides and
polyanion compounds. The main challenges for cathodes are stability of crystal structure
so that no irreversible phase transformation occurs. Moreover, the majority of proposed
cathodes have a biphasic intercalation mechanism, leading to the characteristic stepwise
voltage profiles. The most prominent materials for cathode materials are NASICON-type
NazV2(POs)3 and Na3V2(PO4)2F3, which have already reached the production level. These
materials typically are cycled within two voltage plateaus. Both suffer from low electron
conductivity, which can be treated by optimization of morphology and conductive

additives, like carbon [31].

In summary, SIBs are now at the pilot stage of production with many testing sites
around the world [33]. SIBs are seen to be competitive technology to RFBs in ESS
applications for the next years as utilized materials are widespread and stable cycling life

are already demonstrated [34].

2) Rechargeable sodium-sulfur (Na—S) batteries are a promising ESS technology due to
their high energy density and low cost. High-temperature sodium-sulfur batteries with
molten sodium and sulfur as cathode materials operating at 300-350 °C were proposed in

1966, and later successfully commercialized for utility-scale stationary energy storage [35].
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Anode and cathode sided were separated by Al,O3 based membrane, which conducts Na'.
The main disadvantage is a maintaining of constant high temperature, which resulted in
high operating costs, materials degradation (corrosion), and severe safety issues. Moreover,
polysulfides as the final discharge product deliver about a third of the sulfur's theoretical

capacity.

Switching to new low-temperature Na-S batteries sufficiently decreases the LCOS
and improved safety [36]. The battery works on a reversible reaction of Na* + S?" = NasS,
which has a multistage mechanism depending on the electrolyte (ether-based and
carbonate-based). In general, these Na-S batteries face several common intrinsic obstacles
in both electrolytes, which trigger performance deterioration in the form of high
irreversible capacity, self-discharging, and poor cycle stability: (1) the uncontrollable
growth of Na dendrites during cycling; (2) the shuttle effect of Na polysulfides; (3) slow
kinetics of conversion from long-chain polysulfides to short-chain; (4) poor electronic

conductivity of sulfur.

To sum up, Na-S technology is already presented in the market of utility-scale ESS,
however, safety issues and performance deterioration require additional research and

development for further distribution in other market segments.

3) Two-electron batteries based on the reaction of bivalent metal ions become an active
development area, since the approaches of stabilization of metal anode interface were

proposed. However, both technologies of magnesium and calcium rechargeable batteries
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are at the laboratory level with some attempts to prepare small prototype cells. Stable
cycling for high-performance cathodes and metal anodes remained the main bottleneck in
the technology development. Even stable cycling of the half-cell was demonstrated for
different graphite-based, polymer-based and intercalation-based systems, as well as high-
voltage electrolytes with desolvation barriers mitigation of the cations at the
electrode/electrolyte interfaces were proposed; reported full-cell cycling data demonstrated
impropriate coulombic efficiency. Nevertheless, research in this field is ongoing, because

the high specific capacities up to 300 Wh kg ' and 600 Wh L™! can be achieved [37,38].

Comparison of the post-lithium battery technologies with RFBs can be done
in three different aspects: technology readiness level, LCOS and specific energy
characteristics. The number of companies with ready-made products based on a flow
battery and sodium-ion batteries is the same, but the share of installed power is five
times greater for sodium-ion technology [39]. Despite the rapidly developing energy
storage market, the growth of flow battery share was hindered due to poorly
developed legislative framework and a system of standards and operation rules. The
successful cooperation work of the leading companies has shifted the process, and the
market is growing now. Sodium-sulfur-based and 2-electron batteries have not been
distributed much due to the high LCOS at the moment. A comparison of the energy
characteristics of existing technologies naturally shows the superiority by 5 to 10 times
of solid-based energy solutions. However, this parameter remains less important than

energy cost in the case of stationary applications.
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1.3 Redox flow batteries (RFBs)

Among all grid EESs, Redox Flow Batteries (RFBs) with long cycle life and low
energy losses were recognized as a perfect solution for application with discharge time >
one hour and cycle-life >10000. RFB is a rechargeable battery in which electrolyte flows
through electrochemical cells from one or more tanks. An increase in the energy storage
capacity is done by increasing the volume of electrolytes stored in the tanks. The
electrochemical cells can be electrically connected in series or parallel, thus, determining
the power. Decoupling of energy rating and power rating is the most prominent RFB

feature.
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Fig. 1.5. Europe map with ESS based on RFB. This image is reprinted from IFBF web

page [40]. Copyright 2022 International Flow Battery Forum.
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Flow batteries are already recognized technology with more than 150 installation
sites over the world. We show the map of installations in Europe (Fig. 1.5) to illustrate the
RFB use implementations: over 70% of installations for industrial applications and another
part as pilot projects in research institutions. Despite the high readiness of RFB
technologies, there are still unsolved issues in the development stage, limiting a wide
spreading of RFBs: (1) enhancement of energy storage capacity; (2) cost reduction of the
electrolytes; (3) development of stable and cheap electrolytes without high volatility price
of components; (4) reduction of cell components cost; (5) RFB response modeling with
high precision for battery management system controls [41-43]. As a result, research
recently focuses on the designing new electrolytes synthesized from earth-abundant
elements, optimization of cell materials manufacturing and development the control
algorithms. Below, we discuss in detail the state-of-art of proposed solutions and the
methods used for the investigation and comparison of different materials and compounds

in the scope of RFB applications.

1.3.1 Working principle of RFBs

In general, a flow battery consists of three major components: tanks with
electrolytes, electrochemical cells, and a battery management system. Liquid electrolytes
with redox-active components circulate between tanks and cells, where redox reactions

occur. The design and utilized materials for cells mainly determine the RFB power profiles,
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while the composition of electrolytes defines OCV, the volumetric energy density, and its

rate of irreversible capacity decay.

The electrochemical cell consists of two independent compartments through which
the electrolytes are pumped and the membrane, which separates both sides and conducts
the not electroactive ions for maintaining the charge balance. Each compartment is filled
with a porous electrode to enlarge the electrochemically active surface area. The back side
of the compartment is a bipolar plate, which transfers the charge for the porous electrode
to further electrical chain components. It works as an anode output plate for the first cell
and as a cathode output surface for the second cell, connected in serial. The serial
connection of cells is called stack and this unit represents the final form of the RFB energy
generation part.
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Fig. 1.6. Scheme of RFB single cell construction and a scaled catholyte cell compartment

for illustration of cell components’ position and function.
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The battery management system controls the overall workflow of the battery and
evaluates its State of Charge (SOC) and State of Health (SOH) [44,45]. Through RFBs,
various chemistries have reached different levels of technology readiness. Vanadium Flow
Battery (VFB) is the most developed and successfully commercialized, while organic-

based RFBs are under the intensive development stage with several pilot projects [46,47].

1.3.2 General logic for the RFB system development

The ideal battery technology must have a high specific energy density and works
close to the theoretical capacity limit for an infinite number of cycles. This is a general goal
for the development of ESS. If well-established lithium-ion technology is approaching its
capacity utilization to the theoretical one and continuous work for the reduction of capacity
fade to 0.001 % cycle! is ongoing, the RFB technology does not achieve such a great
performance. However, the technology is sold on the market, because its capacity can be
restored back to the maximal capacity utilization, which is usually ~ 80 %, and the resulting

capacity fade is low (Fig. 1.7).
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Fig. 1.7. Time dependence of capacity utilization for an irreversible and reversible fade.
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Nevertheless, flattening of local capacity fade and enhancement in capacity
utilization are the most economical drivers in RFB technology [48]. Capacity utilization
at the n' cycle depends on three main factors: available redox-active species capacity, its
degradation rate, and the cell cycling conditions, which requires balancing power and
capacity characteristics. Overall, the logic for a particular system development has several

steps:

1. The pair of electrolyte compositions has to be evaluated in the scope of energy
density, redox reaction rates, and reversibility [49]. The composition of the electrolyte is
selected to maximize the capacity utilization and minimize the fade.

2. The cell components optimization is performed for the maximization of power
output, capacity utilization, and cycling life. Tuning the materials and shape of battery
internal components helps to reduce cell resistance and activation losses coming from
ineffective kinetics. Prove-of-concept RFB tests are conducted at this stage with 10-200
cycles at different flow rates.

3. The next step is transferring the obtained data from prove-of-concept devices to the
up-scaled prototypes with concentrated electrolytes. This step becomes a real technology
threshold dividing economically viable projects and non-scalable scientific ones.

4. The development of a battery management system for grid integration requires
building an accurate model of current battery paraments (SOC, SOH, and current, potential

profiles) [50,51].

Therefore, the level of RFB research and unsolved problems are directly

dependent on target chemistries. For example, boosting the energy density of organic-
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based RFBs remains the open ussie leading to a huge afford towards new chemistries
generation [52-54]. For vanadium RFBs, target filling of gaps in the developed theory
is required for tuning the model accuracy, benchmarking protocols for materials,

cells, and reduction of capacity decay tests [55,56].

In the scope of this thesis, I am focusing on revealing the reasons for poor
capacity utilization (1) in RFBs based on insoluble solid active materials, and (2) in
vanadium RFB from the electrode and bipolar plate materials optimization point of
view. Therefore, the literature review is constructed of two parts: (1) redox-active
materials in RFB and its limitations in capacity utilization, and (2) cell components

requirements for the efficiency maximization.
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1.4 Electrolyte compositions for RFBs

Electrolytes in RFB consist of solvent, supporting salt, and redox-active species
and are usually divided into water-based and organic ones. The main difference in solvents
is an electrochemical stability window: water-based systems are limited by a water stability
window (~ -0.4 — 1.2 V vs. SHE), while organic-based RFBs, using acetonitrile, DMSO,
or PC, have a broader window up to 4 V. Therefore, chemicals utilized as a redox-active
compound are selected in the range of electrolyte stability window. These compounds can
be organic synthesized redox-active molecules, polymers, and inorganic compounds,

typically metal ions.

1.4.1 Chemistry in industrialized RFBs
Several chemistries have reached a commercial-stage production:

1) Vanadium RFB (VRFB) is firstly commercialized in 90-s [57]. Up to date, over 10
companies around the world proposed their ESS solution, based on VRFBs [58]. The

battery utilizes reversible vanadium reactions in four oxidation states:
Ve 2vH Eo=-0.26 V vs. SHE (1.2)
VO, +2H" + ¢ 2 VO*" + H,0 Eo=1.00 V vs. SHE (1.3)

[Nlumination of cross-contamination issues makes this type of battery preferable
with long cycle life (>20000 cycles). The battery operates with an energy efficiency of
>75% at current densities in the order of 80-200 mA cm™, which gives a 100-280 mW cm?

power density. This value is smaller than for the same type of reactor, used as a proton
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exchange membrane fuel cell, which has 1 W ¢cm™ working power [59]. However, the
constant development of high-powerful stacks is ongoing and a 370 W cm™ system has

been already demonstrated [60].

As VRFBs produce DC, grid operation of the device is done by a bidirectional
d.c./a.c. inverter. Operational control, e.g. electrolyte flow rate, temperature sensing, and
electrolyte balancing are performed by Battery Management System (BMS). As operation
principals and voltage profiles differ from conventional LIBs systems, the need for an
accurate prediction model of the RFBs system arises [42,61]. Actual State of Charge (SOC)
prediction is restricted by constant change of volume, total concentration, and electrolyte

degradation process [61,62].

In general, the present research aims to the reduction of LCOS [63] by the
development of advanced membranes with higher conductivity and lower crossover [64],
new materials for bipolar plates and porous electrodes with enhanced performance [65—67]
effective stack designs [45], imbalance mitigation strategies [68], and BMS algorithm
improvements [69—71]. Nevertheless, a fundamental bottleneck is a low energy density,
which makes VRFB less attractive than conventional LIB system [72]. Coupled with the
volatile price of vanadium, it caused shifting to the alternative chemistries for RFB

technology.

2) Zinc-bromine (ZBFB) was scaled up into industrial systems [73]. It uses a zinc
negative electrode and zinc bromine solutions as catholyte with a high OCV of 1.85

V. Companies, like ZBB technologies (now Ensync Energy systems), Redflow Ltd.,
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and Primus Inc. successfully installed many systems in a range of 600 kWh —2 MWh

[74].

Zinc bromide aqueous solutions are stored in both tanks and used only selected ions

react at each side:
Zn*" +2e 2 7Zn’° Eo=-0.76 V vs. SHE (1.4)
Br’ +2¢" 2 2Br Eo=1.09 V vs. SHE (1.5)

The negative side reaction is (dis)solvation of Zn/Zn?" pair, which increases the risk
of a short circuit due to the growth of dendrites. As a consequence, accurate monitoring of
the battery condition and regular discharge is necessary [75]. Bromine is always dissolved,
while solid zinc is deposited onto the negative carbon electrode, thus conferring the hybrid
nature to the battery. Bromine is sequestered and stored in oily phase sedimentation.
Additionally, expensive sequestering/complexing agents are needed to avoid toxic bromine
vapor emissions. Search for the effective and low-cost additives to the bromine electrolyte

1s ongoing [76].

ZBFBs have no cycle life limitations because the electrolytes do not suffer aging
effects and crossover [76]. Having a performance comparable to VRFBs, ZBFB can
operate at current densities up to 80 mA cm™ [75]. Even though zinc and bromine are low-

cost materials, ZBFB systems have comparable with VRFB energy costs [42,76,77].
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3) Several companies in Europe (Kemiwatt, Jena Batteries, Green Energy Storage, and

CMBIu) have introduced their pilot projects based on organic chemistry on kW scale

(pyridine-based anolyte 20—100 kW and 400 kWh) [78]. Probably, Kemiwatt is working
on quinone-based / ferrocyanide electrolyte [79], and Jena Batteries is employing

pyridine-based anolyte and TEMPO-based catholyte [80] in their demonstrators.

However, no official data with proven long cycle life of such system were not published.

1.4.2 Inorganic-based and hybrid RFBs

Other chemistries are in the development stage. Based on a number of patents and
publications, one can conclude that new grid-scale projects based on advanced chemistries
will be put into operation soon. Table 1.3 with developed inorganic water-based systems

mostly is represented by a combination of already discussed ion pairs.

Table 1.3. Summary of the most extensively studied inorganic-based RFBs

Name Redox couples: Support Performance Ref

Anode - Cathode electrolyte

V-V V3 v H,SO04, Discussed above [81]
VO, / VO** HCL,
H3POq4
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Br2

V- Bn:

Fe-Cr

Fe-Fe

Zn-Fe

Zn*t / Zn°
Br’/2Br -
V3t v

Br2’/2Br -

crt/cr?t

Fe’' / Fe?*

Fe?'/Fe

Fe’'/Fe**

Zn(OH)4>/ Zn®

NaBr,
NazSOs4

VBr3, HCI

HCl

NH4Cl,
ascorbic

acid

KOH

Discussed above

VBr3 in both half-cells.

The high solubility of 3—4 M,
allowing for energy densities

up to 50-70 Wh L.

Lab-scale cell cycling at 20 mA
cm? gives coulombic and
energy efficiencies of 83% and

66%, respectively.

Energy efficiency of 80% at
200 mA cm? (65°C). The
capacity decay is 0.6%/cycle.

A low capital cost of $137.6
kWh for 8 h energy storage

Issues with crossover and side

reactions.

Coulombic efficiency of 97.9%
at 100 mA cm (60°C)

Issues with reversibility of iron
plating, pH drift during long

cycle

OCV potential is 1.81 V,

operation currents < 260 mA

cm™

[82]

[83]

[84,85]

[86]

[87]

43




Cu-Cu

POMs

[Fe(CN)6]**/
[Fe(CN)s]*

1) Cu'/Cu0
Cu?"/Cu”

2) CuCly>Y/
CuCx'™*

CuCyx'™*/Cu’

1) Lig[P2W180e2]/
HinLis[P2W15062]

HB1/Br;

2) [SiW12040]* /
[SiW12040]*™

[PV14042] % /
[PV14042] 7™

HCl

LiCl, HC1

Capital cost under $90/kWh

CE of ~ 99% and EE of ~ 86%
at 80 mA cm™ for 100 cycles.

Issues with dendrites growth

and membrane stability.

A new composite membrane
based on poly(ether sulfone)
and layered double hydroxides

was tested.

Comparable energy density to
vanadium RFB due to high
solubility of copper (3 M).

Coulombic efficiency of 92%
at 30 mA cm™.

Issues with dendrites formation
and the deposit growth close to

the membrane, slow kinetics.

The capacity density was 42.6
Ah L for 0.1 M at 50 mA cm™
with a coulombic efficiency of

96%.

230Ah L! can be achieved at
20 °C for 0.5M electrolytes
with an energy efficiency of

76%.

[88,89]

[90,91]
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Capacity fade was 0.16% /
cycle for 14 days test (155

cycles at 30 mA cm™).

Issues in a synthesis upscaling,

degradation electrolyte rate.

Moreover, several types of hybrid batteries with one gas-based redox reaction are
actively investigated, such as vanadium—oxygen redox flow battery and hydrogen—bromine
flow battery [42]. For both types of RFB, a catalytic layer has to be implemented for gas-
phase reaction, thus, stability of the catalyst is one of the challenges. The layer degrades

mainly due to contamination from opposite side species [92].

Vanadium — oxygen flow battery is based on oxygen reduction reaction and
vanadium V3/V2?* pair. It operates under moderate current densities (< 50 mA cm™),
hence, the maximum reported power density was <100 mW cm™ [93]. Three main issues
for the cell construction are a catalyst layer dissolution due to water uptake, oxygen

crossover to the anode side, and a blocking layer formation on the membrane surface.

Hydrogen—-bromine flow battery has a low cell voltage of 1.09 V, but it is
supposed to have a high volumetric energy density (>200 Wh L) as an alternative benefit
[94]. In practice, RFB cells suffer from bromine crossover, which leads to catalyst
poisoning, and a highly corrosive environment due to bromine reactivity [95]. Therefore,
safe operation and material selection, like gaskets and membranes, are still challenging

tasks.
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1.4.3 Organic-based RFBs
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Fig. 1.8. A — Chart of key parameters compromise for different aqueous RFB; B -
overview of selected organic redox-active compounds classified according to their proven
stability and redox potential vs SHE (red: benzoquinone/anthraquinone, blue: phenazine,
purple: viologens, green: iron complexes, pink: TEMPO derivatives). Reprinted with

permission from [42]. Copyright 2022 Elsevier

The above works are based on available raw materials that only need to be purified.
Thus, the contribution of the electrolyte to the price is predictable, as well as substitution

or regeneration of the electrolyte is possible. Despite the fact that organic redox molecules
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cannot be regenerated in most cases, they ate still very promising due to flexible
customization. Active research is directed to the development of cheap, stable, and highly

soluble organic pairs.
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Fig. 1.9. Structures and redox potential of catholyte (blue) and anolyte (orange)
molecules used in organic solvent (1— 10) and water (11-29). Reprinted with permission

from [96]. Copyright 2022 American Chemical Society

In more detail, molecular engineering aimed to design the redox-active species for

higher cell voltage, with higher solubility, reduced crossover, increased stability, and fast
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kinetics. Molecules with improved characteristics serve as a proof of cost-effective organic
electrolytes existence, even the up-to-date majority of synthesized molecules does not

satisfy all requirements, and a compromise has to be accepted (Fig.1.8) [42,48,78].

In the scope of this work, we do not consider organic pairs in detail. In brief, the
standard classification divides all molecules by active redox centers. Inside each type,
there is a wide range of molecules, both for the anode and cathode sides, which are suitable
for different types of solvents. These types of molecules are quinoids, quinoxalines,

bipyridines, nitroxyl radicals, and ferrocenes (Fig. 1.9).

There is a benchmark molecule for each type and newly synthesized molecules are
usually compared with it. We list only outstanding works with proven long-term cycles to
show which problems remain unresolved and to estimate the available capacity of such

compounds.

Table 1.4 Summary for organic RFB characteristics. The numbers of redox pairs
correspond to the molecules in Fig. 1.9. The table is adopted from the review [96].

Copyright 2022 American Chemical Society

Redox pairs Electro- Energy Cycle Coulombic Capacity Ref
lyte density, number at (CE), Energy fade, %
Wh L1 current efficiency per cycle
density (EE), %
(NPr),VCL 0.5M 9.2 500 at 60 CE > 99%, 0.005 [97]
NaCl A cm? EE 489
NMeTEMPO maem o
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#17/#13 * * See  Fig.l9

MVCl; 2M 9.9 700 at 10 CE > 99%, 0.04 [98]
FcNCl NaCl mA cm EE 65%

#11/#15

AQDS(NH4)2 0.75M 12 300 at 60 CE > 99%, 0.0005 [99]
L/ T #29 NH4l mA cm? EE 70%

2,6-DPPEAQ 1 MKCI 13 500 at 100 CE > 99%, 0.00036 [10

A cm™ EE 669 0
Ki[Fe(CN)s]  pH9 macm /o ]
#24
DBMMB 1.0M 15 100 at 15 CE 95% 0.2 [10
- A cm™ 1
FL TEA maem EE 70% |
TFSI in
apr. #7/#10  MeCN
DMFc+tMVCl 1M 16 4000 at 10 CE 99.8% 0.00005 [10
lecule NaCl mA cm 2
One molecule NaC cm EE 60% ]

with 2 redox

centers #2+#15

It follows from the summary table 1.4 that the volumetric energy density so
far does not exceed that in inorganic benchmarks, like VRFB with 35 Wh L1, and this
is a significant barrier to the transition to organic RFB in large-scale projects.

Therefore, an additional increase in organic RFB capacity is needed [103].
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1.4.4 RFBs based on insoluble solid active materials

Three approaches to solving increase specific capacity above solubility limit were
proposed. (I) A cell can operate on immiscible redox electrolytes with high energy density
without a membrane. Several electrolyte compositions were proposed for such a battery
[43]. However, they suffered from low current densities. (II) Another way is an
introduction of the solid materials for additional energy storage with high volumetric
energy density. (III) Hybrid flow batteries, when one of the redox reactions involves
solution/dissolution of the material were reviewed above. Here, we focused on suspension-
based RFBs with redox-active particles in the electrolyte of two types: the chemical and

the electrochemical reaction of solid.

Solid materials for energy storage in RFBs are represented by polymeric
compounds with redox-active sides and inorganic particles with bulk or surface-based
reaction. Each particle can undergo either a direct redox reaction inside the cell through an
electrochemical process by collision with the electrode (semi-solid or slurry RFB) or an
indirect process by chemical reaction with soluble redox mediators. Such systems are

called redox-targeting RFB with a solid booster.

Several advanced systems were proposed as semi-solid RFBs, where the
suspensions of particles were pumped through the cell. We included also the polymer

solutions in the list, as high viscosity is a common feature for such systems.

One of the prominent works proposed to use of lithium-ion battery materials in

suspension for advanced flow batteries: LiCoO, LiFePO4, LiNigsMn; 504, and LisTisO12,
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which were mixed as a slurry with carbon black to get effective percolation network for
effective redox conversion [104]. The main issues for inorganic suspension RFBs were
charge flow out of the cell and slow kinetics limited by lithium intercalation reaction.
Another RFB with B-Ni(OH), nanoparticle suspension suffered from stochastic cycling
behavior with fluctuated discharge capacity [105]. The problem was the formation of the
unstable surface layer on the particles’ surface during the redox reaction, thus, a search for
the stabilization additives was required. To overcome these limitations, the next generation
of polymer-based systems was proposed. Redox-active sites were anchored on polymer
main chain, thus, problems with pour kinetics (organic species have fast kinetics) and
crossover were solved. The prominent example of the RFB was based on TEMPO- and
viologen- anchored polymers [106]. Capacity fade was 0.2% per cycle during the 100
cycles at 40 mA cm™. This system had an energy density of 10 Wh L', and further capacity

enhancement was limited by viscosity growth.

The next improvement was done by aggregating the polymeric molecules into
clusters and micelles. Zn — polymer RFB with “TEMPO Corona’ was demonstrated with
stable cycling only in a not-pumped cell (1000 cycles with 0.01% capacity decay) [107].
However, switching to the flow cell showed a drastic resistance of the system, which can
be operated under 1-5 mA ¢cm current densities. Another example of quinone copolymer
particles as a slurry RFB demonstrated a similar trend in cycling: low current densities <
20 mA cm™ were used for cycling [108]. The capacity decay was 0.36% per cycle and total
capacity utilization was 30 %. In further chapters, the nature of these losses will be

discussed based on our publications.
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Overall, the discussed redox systems are limited in the current densities range due

to the high internal resistance of the cell, sluggish kinetics, the drastic difference in

theoretical and practical capacities, still low energy density, and high viscosities [109]. As

a next generation of RFBs, redox targeting RFBs with solid booster were designed to

overcome these limitations [110].

Solid materials capable of reversible energy storage were placed in the tank. A

chemical reaction between the solid booster and the mediator inside the tank passes

effectively if the booster surface is accessible and the electrolyte can be freely pumped

through the booster medium. From a thermodynamic point of view, the reaction is Nernst-

driven, which implies matching the redox potential of the solid and soluble species. In table

1.5 we listed the pairs of solid-booster and mediator, which were described in the literature.

Table 1.5 Pairs of solid-booster and mediator with cell enhancement characteristics.

Redox mediator RM capacity . )
(RM) / solid booster apacity
(SB) SB capacity = enhancement
ffect
theoretical cliec
26 Ah L'
Polyaniline 84 AhL-! teor
64.8 mAh g_l

Cycles with current
density with
coulombic and
energy efficiencies

(CE, EE)

25 cycles at 200 mA
cm? give CE 88%

Ref

[111]

52



0.1 M 10-

methylphenothiazine
as the cathodic and 9-

fluorenone as the

anodic mediator

NASICON-type
NazV2(POs)s for both

sides
VO, /VO?**

Prussian blue

analogue

(VO)s[Fe(CN)s]3

0.2 M ferrocene-

grafted ionic liquid

LiFePO4
0.3 M K4[Fe(CN)e]
Ni(OH),

0.2 M K4[Fe(CN)¢]

LiFePO4 in HO -
DMSO mixture

0.25 M Ka4[Fe(CN)s]

Fe4[Fe(CN)s]3

8 Ah L'

Cathode 117
mAhg!' /

24 AhL!

Anode
mAh g

58.5

25 Ah L'

135 Ah L™

38 Ah L

170 mAh g'!

8 AhL!

1180 Ah L™!

5AhL"!

170 mAh g!

6.7 AhL!

124 mAh g!

Cathode 82,
Anode 41 Ah
L*l

Cathode 137,
Anode 81 Ah
L 'teor

44.6 Ah L'

135 Ah L teor

96 Ah L"!

300 Ah L teor

29 AhL™!

60 Ah L teor

10 Ah L!

435 Ah L! teor

61.6 AhL!

222 Ah L teor

2 cycles at 0.20 mA
cm 2 give CE of 97%
and EE of 82%

70 cycles at 30 mA
cm give CE of 97%
and EE of 82%

50 cycles at 30 mA
cm? give CE of 97%
and EE of 92%

100 cycles at 20 mA
cm? give CE of 99%
and EE of 79%

1 cycle at 1 mA cm 2
gives CE of 99%

500 cycles at 20 mA
give CE of
and EE of

cm™

99.7%
87.5%

[112]

[113]

[114]

[115]

[116]

[117]
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Anode:

02M2,7-AQDS  5-36 AhL"

Polyimide 150 mAh g'!
Cathode: 8 AhL"!

0.6 M Nal 60 mAh g'!
NiHCF

22 Ah L
97 Ah L teor
500 cycles at 5 mA
cm give CE of 95%
12 Ah L and EE of 77%
31 Ah L teor

[118]

One can conclude that demonstrated capacity enhancements are impressive,

however, all are far below the theoretical limit. The main reasons are incomplete

utilization of solid-booster capacity, as well as low concentrations of mediators. In

case of semi-solid RFB, the utilized capacity of the solids must be increased, for that,

it is essential to understand the limiting factors of such behavior. The methods of

electrolyte diagnostics for different types of electrolytes will be discussed below.

1.4.5 Electrolyte characterization methods and RFB performance metrics

The development of new electrolyte compositions with high energy density, which

can give high efficiencies in flow battery tests remains a crucial task for the RFB research
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field. New electrolyte is usually characterized in terms of thermodynamic and kinetic

parameters out of the RFB cell, followed by under-flow tests.

Overall, several consecutive tests are performed to characterize the electrolyte.
Firstly, the structural and chemical characterization of redox-active species is performed
by a suitable set of physical-chemical methods, nuclear magnetic resonance (NMR),
UV/vis, Infrared (IR) and Raman, mass spectroscopies; atomic absorption (AAS), and
atomic emission spectroscopies (AES), Electron Spin Resonance, elemental analysis, X-
ray diffraction and Energy-dispersive X-ray spectroscopy (EDX) [49]. As a result, the
established formula, molecular weight, and structure allow researchers to evaluate the

theoretical gravimetric capacity of the material.

The second step implies a thermodynamic and kinetic parameters extraction using
well-developed classical electrochemistry approaches such as cyclic voltammetry, rotation
disk electrode, and EIS for materials dissolved in low concentrations in three-electrode cell
[119]. Additionally, spectroelectrochemical methods can be applied to investigate the
reaction pathways and molecule transformation during the redox process [120,121]. One
can conclude the preliminary redox potential of the studied species (Ey’), estimates its
impact on activation losses in case of slow electron transfer (k — the electrochemical rate
constant), and get a raw estimation of maximal limiting currents (izin), based on diffusion
coefficient (D) calculation. Usually, the values in a flow cell test differ from those derived
by the ex-situ methods, as high concentration, porous electrodes, and forced convection

regimes drastically influence the current-voltage response [122]. To sum up, the external
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methods of electrolyte evaluation give information of formal potential and kinetics of redox

reaction, while its stability needs to be assessed additionally as well as RFB performance.

Thirdly, tests in the static cell come to place providing an accelerated stability
measurement. The degradation level of the material is controlled by specific physical-
chemical methods of characterization, which are sensitive to the possible degradation
changes in the solution [123]. In other words, capacity decay represents the maximum CE,
that can be achieved, while an additional control method shows how the material degrades

and which strategies can be applied to mitigate this fade.

Additionally, the solubility of the material is investigated to tune the supporting
electrolyte and determine the maximal volumetric energy storage. Maximal volumetric
filling of the solid material also characterizes the maximal available capacity. As a result,
a balance between stability, viscosity, and energy density has to be achieved to get the

representable data with effective power densities in the RFB tests.

Last, but not least, tests in the flow cell represent the real perspectives of the
material. No universal protocols for the cell test are selected by the scientific community,
thus, the comparison of literature data is complicated. However, several attempts in the
unification of test protocols were done [49,78,124]. One of the works aim to introduce a
representable degradation protocol test, utilizing a symmetric cell design (one electrolyte
of 50% SoC) and a special cycling protocol [78]. Another work discusses in detail typical
parameters, that characterize the cell performance [124]. I already used the terms for

different chemistries in comparison above [125]. Here, I briefly introduce the typical
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parameters used to describe the quality of the selected RFB (Table 1.6). The same notation

is used throughout the thesis work.

Table 1.6 Characteristic parameters of electrolyte and RFB performance.

Short

name

Ah L

Wh L'

Qteor >
Ah

CF,

% / cycle

Formula
q" = o
Vg

m_ Y
mg

w

Vv _ QE * lesch

Vg
_Upxnx*F
Qteor - 3600
1 Qdisch
CF = — (100 — =2t
N Qteor

)

Notations

q” — volumetric electrolyte capacity

QOr — total charge delivered by electrolyte
portion of volume Vi

q" — gravimetric electrolyte capacity

Or — total charge delivered by electrolyte
portion of mass mg

w" — volumetric electrolyte energy density.
Ot — total charge delivered by electrolyte
portion of volume Ve with an average cell
potential V,¢., during discharge.

Oreor — maximal charge that can be extracted
from the electrolyte, based on 3¢ mols of the
active component with elementary redox

reaction with n electrons, F — Faraday

constant.

CF — capacity fade during N cycles, which

represents a loss of capacity due to the
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CR, % 0
CR = disch + 100
teor
1, . I
L=
.~ cm'2 Acell
Qdisch
CE, % CE =—x100
charge
lesch
VE, % VE = =—% 100
charge

degradation regarding the cycle number.
Quisen 1s an extracted charge during one

discharge cycle with respect to total Qreor

*CF can be expressed in % / day to

represent the time capacity decay.

CR — capacity retention during one cycle,
which represents a real extracted charge
Quisen during total discharging with respect to

tOtal Q[eor

i — current density for cycling tests, / — an

applied current, Ac.; — a geometrical area of

the membrane in the cell.

CE — coulombic efficiency is a ratio between
the extracted charge Quiscn during total
discharging of the cell and the total charge
QOcharge nserted into the cell during charging

within one cycle.

VE —voltage efficiency is a ratio between the
averaged cell potential Vj50n during
discharge and the average potential Vipqrge

during charging.
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EE — energy efficiency represents the total
efficiency per cycle in terms of energy loss.
It is calculated by the multiplication of
EE, % EE = CE «VE coulombic and voltage efficiencies for
simplification. In general, EE is a ratio of
total extracted energy and inserted energy
into the battery within one cycle.
SOC - state of charge is a ratio of the charge

Qcharge (t) "

SOC, % SOC =
Qteor

100 stored in the battery at a specific time Qciarge

() and the total battery capacity Qreor

Below a quick review of how the discussed research logic was applied to the

insoluble solid class of redox-active materials is presented.

1.4.6 Characterization of insoluble solid redox-active materials

Firstly, the structure and formal chemical composition of solid materials are
characterized. Refined crystal structure parameters, microphotographs of morphology, and
elemental analysis are a standard set of characteristics used for crystal redox-active
materials [112,114]. The amorphous-based material, like congregated redox-active
polymers, is characterized in terms of particle size, and molecular weight RFB [108].

Theoretic specific capacity is calculated based on chemical composition.
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Then, formal potentials of redox transitions, and the number of electrons are
determined using cyclic voltammetry. Standard dried slurry electrodes are usually used for
the intercalating materials, which are tested in a half-cell [126]. Alternatively, glassy
carbon electrodes can be covered with special inks, containing the solid material and binder
[112,113]. Moreover, cyclic voltammetry from the concentrated suspension can be also
applied [106]. The authors applied also a rotation disk electrode measurement to get a raw
estimation of diffusion coefficients and apparent rate constants, despite the fact of colloidal
solution, the equations were based on the model of pure diluted solution. Here, it is worth
mentioning, that raw estimation of the real specific capacity of the material is possible, as

the charge can be integrated from the experiment and the mass of the sample is known.

The compatibility of electrolyte components, like a solid booster/mediator pair, is
checked by external characterization methods, like IR and XRD [108,116]. Changes in the
structure during the deintercalation/deintercalation can be tracked, or changes in IR-bands
intensities due to the reorganization of redox-active sites. Additionally, the viscosity of the

slurry and pumping rate can be balanced before the RFB tests.

As the last step, materials are tested inside the flow battery and efficiencies and
capacity fade are calculated. Static H-cell tests are used for fast degradation rate
determinations, while cycling in flow battery usually lasts longer and shows the real
available capacity and its fade. Up to 100 cycles under flow conditions is a required proof-
of-concept demonstration. Achieved power and capacity characteristics are rarely
discussed in terms of reasons for non-100% utilization (Table 1.5 showed that capacity

utilization for most reviewed papers was below 50%). For example, prolonged cycling of
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polymer suspension was demonstrated with a capacity fade of 0.01 % per cycle, however,
the utilization capacity of the material was only 17 %, which equaled the volumetric

capacity ofa 9 Ah L' [106].

To sum up, the existing methods of electrolyte characterization show its power
and energy parameters but do not reveal the reasons for the decrease or increase in
the specified values. Advanced methods must be developed to track the reaction
pathways investigate the degradation processes and elucidate the bottleneck of the

redox processes of new materials.
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1.5 Main components in the electrochemical cell

1.5.1 Main function of cell components

Flow cells are the main part of the system responsible for energy conversion
processes. Development of an effective cell/stack is an engineering challenge as special
properties of the materials, complex electrolyte hydrodynamics, manufacturing
restrictions, and economic availability have to be taken into the account. In the scope of
this work, we will focus on materials’ properties and requirements for them, without
delving into stack engineering. In general, the electrochemical stack consists of end plates,
current collectors, plastic frames, bipolar plates, porous electrodes, gaskets, and a separator
(commonly, a membrane) (Fig. 1.10). All components are tightened together in a sandwich-
like block by fastening elements. Below we discuss in detail the function of each basic

component, main properties, and investigation methods for each of the components.

Current collector Stack scheme
End plate

S)

Bipolar plate

Gasket and plastic frame

—

Current collector

End plate

@

Porous electrode

Membrane

Flow channel

lstCe”

2nd cell
N cells

Fig.1.10 Scheme of RFB stack of n single cells in series with internal components.
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When the electrolyte flow through the stack, each component plays a specific role

in effective energy conversion processes:

e End plates are usually metal flat plates with specially designed inlet and outlet fittings
for electrolytes. Moreover, they distribute the pressure evenly over the entire stack area
and are the basis for fastening the tightening bolts.

e Current collectors serve for the accumulation of charge from the bipolar plates and
delivery is into the power system. The plates are usually made of copper or gold-plated
metal.

e Bipolar plate provides electron shortcuts from a porous electrode to a current collector.
It serves as the electrode made of impermeable, dense material with high conductivity.
Moreover, the plates allow a serial connection of the cells: one bipolar plate serves as a
negative electrode for the first cell and as a positive electrode for the second cell [127]
(Fig 1.9). A bipolar plate is made of inert conductive materials, such as carbon
composites, titanium, or aluminum.

e Plastic frame provides a non-leakless connection of bipolar plate with porous
electrodes and electrolyte channel. It distributes the catholyte through the one half-cells
and the anolyte through opposite ones. The frame is designed for effective distribution
of an electrolyte through the porous electrodes, prevention of shunt currents, and
maintaining assembly tightness. The frames are usually produced from standard plastics

like PP, PE, or PVC.

63



¢ Gasket is a flexible thin film, which prevents leakage between solid components of the
stack. It protects the membrane from damage by protruding defects of bipolar plates and
electrodes. This film is made of rubber.

e Porous electrode provides the main surface involved in heterogeneous redox reactions.
The electrolyte flow through the porous media and the redox-active component diffuses
to the electrode surface, oxidizes/reduces, and flows back to the flow channel. The
electrode materials vary depending on the utilized electrolyte.

e Membrane is the key component that maintains electroneutrality inside the cell,
conducting ionic current between two half-cells [128]. However, some specially
designed electrolytes can work without the membrane due to immiscibility
[42,129,130], majority of proposed electrolytes requires separation by the membrane
[131,132]. Typically, the membrane conducts small size ions, like H3O", Li", Na" or
HSOy, as such structure configuration prevents redox-active molecules crossover, and
small-sized ions have higher mobility. Membrane technology is developing extensively,

and a lot of polymeric, ceramic, and composite materials were proposed.

1.5.2 Material requirements for each component

Based on the role of each component, target values of material properties are
formulated. General requirements for all components are (1) the mechanical durability; (2)
the maintenance of form integrity of the part under constant pressure and electrolyte flow;

(3) chemical and (4) electrochemical stability. The last two requirements imply that the
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material must not react with electrolyte components and be oxidized/reduced under
operation conditions. Long-duration tests fog mechanical, chemical and electrochemical
stability were not sufficiently developed, as RFB prototypes cycling usually last faster than
a noticeable difference in material properties [133,134]. However, sometimes lack of
investigation leads to the malfunction of installation [135]. We discuss several accelerated

degradation tests in our papers devoted to bipolar plate materials.

Specific requirements for the material for each component are listed below:

e End plates are made of hard corrosion-resistant material.

e Current collectors are easy to polish metal plates with high conductivity.

e Plastic frames are made of nonporous plastic, which holds its shape steadily under load
and is convenient in production.

e Gasket is a flexible thin film, which does not lose its elasticity over time and is
guaranteed to be resistant to the effects of electrolyte and high overvoltage.

e Membrane has to conduct efficiently supporting electrolyte ions and block the
penetration of redox-active species to another part of the cell. In other words, it must
have low permeability toward active components. The selection of the material for the
membrane depends on the chemistry of active materials, basic solvent, and pH. For
example, the most widely used material for acid-based vanadium RFB is the Nafion
membrane due to its chemical stability and high proton conductivity [136].

e Porous electrodes are made of stable well-conductive material with a high surface area.

Ideally, the material has to be highly porous with open pores to reduce the pressure drop
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through the stack. Tunning the electrode surface can sufficiently improve the kinetics
of the reaction and boost the RFB power, that is why a lot efford is done in this field for
every type of RFBs [137,138].

e Bipolar plates are made of impermeable, dense materials with high electrochemical

stability and high electronic conductivity.

To sum up, optimization of the cell components is performed for two reasons: to
increase the durability of the stack by damping the capacity fade and to increase the
nominal power by reduction of cell internal resistance. As each component and each
interface can lead to system failure, it is essential to check each component individually
[139]. We drew schematically the equivalent circuit for a single cell to illustrate the
importance both of bulk and interfacial conductivities of each component (Fig. 1.11) as

well as charge transfer resistances determined by the kinetics of redox reaction.

The sum of serial resistances from a current collector, bipolar plates and the
membrane gives an Ohmic resistance of the cell, detected as a high-frequency intersection
of the real axis, it is constant at any loads [140,141]. A parallel connection of the charge
transfer resistance and constant phase element (CPE) represents a double layer in the
electrode and averaged derivative overpotential by current, thus, it is variable for different
loads. Total low-frequency response of the system can also include the diffusion term (for
mHz range), but in general, the resulting resistance of the cell is equal to the sum of

components and charge transfer ones.

66



CPE CPE

> >

R c. collector R b. plate R membrane
_:_D_ R tAnoIv‘te Rct Catholyte
C
1 1
| I | | I |

CPE
>
o I

ct

| I |

042 014 036 048 020 022
Re(Z)

Fig. 1.11 The equivalent circuit of the single RFB cell with listed components, the
generalized equivalent circuit used for fitting, and the Nyquist plot of a 5 cm? single cell
with 1.6 M vanadium electrolyte at different SOCs. Voltage amplitude was 10 mV vs.

OCV.

Figure 1.11 illustrates that conductivity and interfacial resistances are the main
target parameters that scientists look at when designing the material. We discuss the
electrode and bipolar plate materials and their characterization methods for example of
vanadium RFB system in the next section. The focus on vanadium chemistry is for two
reasons. Firstly, the use of vanadium as a raw material is quite profitable for Russia,
meaning that the localization of the stack components production will make the technology

economically viable. Secondly, the vanadium technology requires an increase in stack
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power, which can be done by tuning components' properties, thus, an understanding of the

improvement origins is needed for the target material design.

1.5.3 Benchmarks for electrode material for vanadium RFB

Porous electrodes are based on carbon materials for almost all batteries, as cheap,
well-conductive, and inert substrate [66]. Three main types are utilized for vanadium RFB:
carbon felt, graphite felt, and carbon paper. These types differ by morphology and heat-
treatment procedure during the manufacturing. Nevertheless, the materials have a large
surface area, batteries performance with non-treated electrodes usually was poor [142].
Improvement of porous electrodes is a powerful method to enhance RFB power, especially

for redox reactions with slow Kkinetics, like vanadium.

In general, there are two ways of electrode modification: either the material’s
surface is activated by special treatment, or it is decorated by additional electrocatalysts.
Activation of the electrode surface by a different method (thermal, plasma, CO;) was
reported as an effective way of performance enhancement [143—145]. In basics, the
activation procedures changed the microstructure of the pristine surface and attached active
sides, the oxygen-containing groups. As for additional surface decoration, over 70
scientific papers devoted to modification by electrode additives were reviewed recently
[146]. The authors divided the modification into carbon-based (graphene, graphene oxide,
carbon microspheres, carbon aerogel, carbon nanotubes) and metal-based (copper, nickel,

bismuth, titanium, and tungsten) electrocatalysts. The comparison of the utilized capacity

68



at 100 mA/cm and the energy efficiency for different carbon felts and additives showed
that metal-based additives are more efficient. In general, a typical pipeline of a new
material investigation includes electrode modification method, morphology
characterization, and tests in a single VRB cell to show the enhancement, without deep

analysis of its origin.

However, for all reviewed papers there is no straightforward interpretation of
enhancement origin, which can relate to hydrodynamic flow facilitation, new catalytic
activity, increase in available electrochemical surface area (ECSA), wettability, or mass-
transport improvements [146,147]. Several works looked through the correlations of
different surface electrode characteristics and performance metrics and concluded that 1)
wettability increases after the treatment, leading to the growth of ECSA [142]; 2)
concentration of oxygen-surface groups improves kinetics up to some limit [148]; 3) mass
transport though different electrodes morphologies plays a crucial role only for fast redox
processes (like, for organic molecules) [149,150]; 4) introduction of active sites with the
oxygen of nitrogen atoms, as well as metal nanoparticles improves the sluggish kinetics of
vanadium [146]; 5) the degradation processes occur rapidly at electrodes with small ECSA
and lead to the formation of sp3 types of carbon on the surface [151]. However, elucidation
of clear electrocatalysis mechanisms of different electrode modifications is complicated
due to uncertainty in a real surface area and changing mass transport; thus, only integral

enhancement effects are demonstrated in RFB prototypes.

The combination of electrochemical techniques with other characterization

methods, like spectroscopies, allows scientists to track the reaction pathways in-situ.
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However, the stability of the electrolytes itself was in the scope of the scientist’s interest,
but not the reaction pathways. For example, FTIR spectroelectrochemical tests were
performed to track the solid-booster — mediator reaction for polyimide — 2,7-AQDS pair,
showing the hydrogen-bonding mediated reaction mechanism [118]. Operando XRD
experiments were conducted for MPTZ — NVP system to track the SOC at which the
targeting redox reaction started [112]. UV-vis spectrometry in a specially made cell was
used as an effective tool for electrolyte stability tests in organic RFB [152] and extraction
of degradation mechanisms in metal-organic complexes (for example, chromium
acetylacetonate) [153]. Operando studies of V(III) to V (IV) allow to distinguish different
pathways of the reaction and decouple bulk pathway or a surface-catalyzed pathway, which
depended on the state of the electrode surface [154]. A minor number of articles in the
spectroelectrochemistry area for RFB applications is explained by the difficulty of
conducting an experiment and interpretation. However, the research trend of the in-situ

combination of methods is rising.

Moreover, in addition to reaction mechanisms deconvolution, the determination of
the apparent rate constant of the reaction can also be a representative quantitative metric of
electrocatalyst efficiency. These values are used in the modeling of the system and standard
evaluation of these parameters allows the comparison of different electrode materials.
Despite the fact that vanadium kinetics of both redox reactions has been studied intensively,
data has significant variation in rate constants estimations and preferential mechanisms. As
an illustration, the comprehensive review Roznyatovskaya et al. [155] highlights the four

orders of magnitude difference in reported surface area-normalized rate constants.
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Fig. 1.12. Schematic representation of the reactions during its charging and discharging
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highlighted with red and green arrows, respectively. Reproduced with permission from

[156]. Copyright 2022 Elsevier

Classical techniques of rate constants determination, like RDE measurements, do
not represent real conditions in the cell due to 1) high concentration of the electrolyte (1.6
M), 2) unknown ions activities, 3) forced convection of electrolyte through porous
electrodes [123]. Therefore, a combination of new advanced setups and mass-transfer
modeling is required for a more detailed determination of the rate constants. For example,
the microfluidic cell was used to extract the rate constants under a forced convection regime

for 1.7 M electrolyte. Resulted values of the constants were in the order of 10”7 cm/s for
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anolyte and 107 for catholyte, however, the values were derived from Tafel slopes without
considering a proton concentration. Advanced 0-D model extended for accounting the
activation losses in a full cell design, using the Butler-Volmer formalism, showed that
interpretation of the loss’s origin is ambiguous, meaning that all losses can be assigned to
any of half-cells, hence, direct extraction of kinetics parameters from the cell is not possible
[157]. Moreover, the majority of the works treated the reaction mechanism as a single-step
reaction for the simplification and reduction of fitting parameters, while the mechanisms
are multi-step and the formal description of the stages is very complex in reality (Fig. 1.12)
[156]. Therefore, a single-step approximation for extracting the apparent rate constants is
one of the ways to derive useful and accurate values, excluding the consideration of

mechanisms.

To sum up, the quantitative effect of electrode modification can be assessed by the
determination of the electrochemical rate constant of the particular reaction. However, this
approach does not distinguish the reason for the losses, which can be achieved by
enhancing wettability, improving mass transport, increasing an active surface area, or
changing the reaction mechanisms. These origins can be illustrated only with help of in-
situ techniques, tracking the formation of new species on the electrode surface directly. At
the end of this chapter, the questions in vanadium kinetics addressed by our research are

listed.
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1.5.4 Benchmarks for bipolar plate material.

Bipolar plate materials were adopted for RFBs from polymer electrolyte membrane fuel
cell (PEMFC) technology (Fig. 1.13) [158]. The selection of the particular materials is
defined by the properties of utilized electrolytes and the stack designs. Carbon-polymer

composites are standard materials for the vanadium RFB due to their chemical stability and

low permeability [65].

BPP material
Metal based Carbon based
Alloys Coated Graphite Composite
Metal based Carbon based Carbon/
Thermoset
Noble metals | Graphite
—— Carbon/
|Metal nltrldesl Conductive Theenoui:
> polymer
Metal carbides
Metal oxides Polymer/ Metal

Fig. 1.13 Classification of bipolar plate materials for PEMFC and RFB applications. The
blue frame represents suitable classes for vanadium RFB. This image is adopted from the

work [158]. Copyright 2022 Electrochemical Society by IOP Publishing Limited

A comprehensive review is focused on carbon composite bipolar plates, listing the
manufacturing procedures and the components: natural, spherical, and artificial graphite
flakes, Ketjen black carbon, exfoliated graphite, and carbon fiber are used as carbon
sources; and polyphenylene, various types of epoxy, polyvinylidene fluoride, etc. are used

as a binder [158]. There are different manufacturing limitations for each material.
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However, in general, manufacturers choose the economically profitable technology that
suits the minimum acceptable requirements. Testing of the material includes several stages,

discussed below.

The bipolar plate is a terminal for all electrons received on the porous electrodes to
transport the external circuit. Therefore, the following requirements are crucial for the
material selection: 1) a high electronic conductivity; 2) zero permeability to prevent battery
self-discharge; 3) mechanical stability for convenient manufacturing process; 4) chemical
and 5) electrochemical stability. The following methods are proposed to test the materials

in the scope of the requirements.

Electronic conductivity is probed by a 4-probe test and by high-frequency EIS of
an assembled cell. Sample of material is milled in shape, required for a cell assembling,
then tested externally and in the cell with low-resistive membrane and symmetric
electrolyte [158]. Moreover, additional attention was paid to the porous electrode — the
plate contact, several specially designed additives were proposed to reduce this contact
resistance: cactus-like carbon nanofibers effectively increased the contact area [159],

adhesive conducting layer glued together the plate and the electrode [160].

The permeability is tested by applying a pressure difference across the bipolar plate
sample, by estimating the area capacitance of the sample by cyclic voltammetry in the inert
electrolyte, or by swelling of the sample in the electrolyte. The comparison with a known
benchmark sample is required for reliable data interpretation for both methods. A pressure

test is required for mechanically stable material and a specially designed setup, which is
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usually used for commercial benchmarking. The electrochemical test is more accessible to
perform, but it gives indirect proves permeability levels, operating the available surface for
the electrolyte. Typically, the CV in 0.5-2 M H2SOg4 at different scan rates is used for
accurate capacitance calculation [161]. The comparison of the samples is possible if the
experimental parameters are fixed, and the geometric area of the studied bipolar plate is

determined. A swelling test is performed before and after the cycling [158].

Mechanical stability is estimated by ultimate compressive strength tests, by
assessment of time production, and by a number of defective units. The compression test

is selected because it is a standard loading type for stack assembly [65].

The chemical stability of carbon materials can be crucial for catholyte components,
as the most oxidative component of the electrolyte is the VO, " ion. However, the formation
of V2032" dimers in the concentrated electrolyte limits quantitative analysis of degradation
rate. This ion hinders the calculation of concentration change using UV-vis spectroscopy
or electrochemical techniques, as calibrations are non-linear. Several methods were
proposed to overcome the problem. Firstly, materials properties were monitored during
aging in 0, 20, 80 and 100% SOCs anolyte and catholyte solutions [161]. Gradual oxidation
of the surface was demonstrated as well as a significant increase in ECSA. Secondly, a
comparative stability study of several samples can be done by the accelerated stress test
(AST). After forced oxidation by anodic polarization in vanadyl solution, a visual,
morphological, and surface group content were characterized [65,161]. Moreover,
standard tests, developed for fuel calls materials are also applicable to the vanadium RFB

[162]. For example, a protocol using Ce*" at 80 °C was proposed [163]. As a result, the
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broad variety of ASTs does not allow numerical comparison of materials from different

research groups.

Finally, the bipolar plates are tested in the RFB prototypes. Additionally, the flow
field design can be tuned. The polarization slope, the maximum power density at fixed
SOC, and electrolyte composition are standard characteristics of the cell quality
assessment, which can be compared between the assemblies with flow fields, pump rates,

and electrolyte composition.

In conclusion, I want to point out that the development of materials is ongoing,
despite the already large number of commercialized materials [ 158]. The main driver
for the development of new materials is the desire of local manufacturers to reduce
costs and localize bipolar plate production [164]. Thus, researchers continue to

develop and test low-cost materials using reviewed algorithms.
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1.6 Summary from the literature review

The literature review demonstrates the relevance of flow batteries in energy storage
applications in comparison with other storage technologies. I have shown that the RFBs
profit grows with prolonged cycle life when irreversible capacity loss becomes slower than
in other storage systems. However, the low specific capacity of the RFBs and problems
with incomplete capacity utilization make unprofitable RFB applications in many cases
now. To reduce the energy cost, a detailed design, engineering, selection of materials and
battery management systems development are necessary. Then, the roadmap for the
development of a flow battery system was provided. Based on it, the problem of incomplete
capacity utilization can be related either to chemical processes in the electrolyte, or to the
stack construction features. In the case of low electrolyte capacity, the actual goal is a
search for new stable compounds with increased and stable capacity. In the second case,
target selection of materials that give the lowest internal resistance of the battery assembly
is required. Systematic methodologies for the stack materials characterization and new
redox active materials are only being formed. Thus, this thesis is devoted to
characterization methods that allow choosing the material with optimal properties to

maximize battery capacity and identify the reasons for low performance.

The first part of the literature review provides an overview of existing electrolytes:
inorganic-, organic-, hybrid-based systems and the state-of-art approaches to enhance
capacity. Up to date, the most promising direction in the development of the high-capacity
electrolyte composition is the combined use of soluble and solid redox active components.

However, significantly low practical capacities were demonstrated in all reviewed works.
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Possible reasons for the incomplete utilization of capacity for advanced RFB with solid
redox components and applied characterization methods for such systems were reviewed.
However, most studies did not show or discuss reasons for the difference between
theoretical and experimental specific capacities. It is even unclear whether the reason

relates to the cell design or to the intrinsic properties of the redox colloids.

In the second part, the actual problems of stack materials development were
analyzed in detail, showing the most prominent properties of the material, which contribute
to the cell resistance. The vanadium-based system was chosen as a model RFB, due to a
great accumulated scientific experience of this system and the VRFB suitability for a
commercialization in Russia. The characterization methods of electrodes and bipolar plates
materials were overviewed in detail, since these two components are key in reactions
pathways. Substantial number of experimental approaches of the electrode modifications
with the total cell efficiency improvement have been published. The application of the
redox mechanisms’ characterization methods and reaction modeling for a target
development of electrode materials for efficient RFBs was observed. However, no
systematic study of the enhancement reasons was done, and all works applied their own
investigation protocol, so data comparison is hindered. The characterization methods
review showed that the elucidation of the factor influence (e.g., hydrophobicity, real
surface area or catalytic effect) on battery performance requires the material study outside
the cell using specially designed characterization methods. Finally, the characterization

methods of bipolar plate materials were reviewed. Special attention was paid to the stability
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tests and degradation investigations, since the bipolar plate is often subjected to oxidation,

and consequently, it increases the internal cell resistance.

In summary, all reviewed sections of the chapter were aimed to illustrate the

significance of the problems discussed in the dissertation.

1.7 Goals and objectives of the Thesis

The main goal of this thesis is the development of material characterization methods
for the identification of kinetic limitations in different RFB electrolytes, as one of the main
reasons for moderate practical capacities of these devices.

As it was discussed above, a low capacity utilization is attributed either to
ineffective cell design or to sluggish kinetics of redox active species. As model systems, I
chose a vanadium-based RFB and a promising class of composite electrolytes with
enhanced theoretical capacity based on redox-active solid nanoparticles in suspensions.
Thus, this work is aimed to solve the following objectives: 1) propose methods for the
elucidation of the reaction mechanisms and their correlation with electrode material
properties based on the vanadium model system; 2) identify the kinetics limitations that
diminish the available capacity of redox-active colloids.

Three key questions should be answered in order to fulfil the first objective using
the all-vanadium RFB as the test system: 1) how different carbon morphologies affect the
redox reaction pathways for catholyte reaction during the formation VO." ; 2) what

electrokinetic parameters could be used and estimated for the VRFB with the industrial cell
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design; 3) how strong the influence of bipolar plate morphology and electronic conductivity
on the VFB performance is.

The second objective is addressed the problem: how to raise the practical capacity
of the new type of electrolytes containing redox active colloids. Two methods of ex situ
electrochemical methods were developed to characterize theoretic, experimental capacities
of suspensions as well as to the reason for a low capacity utilization. Two materials are
investigated: the redox-active polymer colloid with 4-amino-TEMPO sites and the
composite of LiMn20O4 nanoparticles with carbon nanotubes.

Overall, a set of new techniques for redox processes characterization is proposed.
Solving the problem of low-capacity response from colloids can lead to the development
of stable electrolytes based on a pair of solid and soluble redox active substances with a
high specific capacity. Combination of such an electrolyte and a low-resistance stack will

significantly improve the economic viability of the RFB technology.
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Chapter 2. Reaction mechanisms on porous electrodes in Vanadium RFB

2.1 Overview of the Chapter 2

Vanadium redox reactions in VRFB are multi-step processes, which depend on
many aspects, like electrode morphology and surface-active group concentration. We
developed the method to track the reaction pathways (VO*" to VO2") on the electrode
surface, combining Raman spectroscopy and cyclic voltammetry. Our initial hypothesis
was that the spectroelectrochemical technique allows us to decompose the mechanisms into
the elemental steps and elucidate the limiting one. This information could sufficiently
simplify the models for VRFB kinetics and shed some light on ways to reduce the kinetics

contribution into the cell resistance.

Deconvolution of Raman spectra revealed several mechanisms going in parallel,
which depend on properties of surface and overpotential. We extracted similar patterns in
the reaction pathways on different substates but were not able to distinguish the limiting
step precisely. Moreover, we observed that dimerized vanadium ions are also involved in
the reaction, which makes the real reaction mechanism more ambiguous. As a result, we

proposed the descriptive scheme of the reaction pathways.

The method above showed a qualitative picture of the mechanisms but did not bring
us closer to obtaining a simplified model of vanadium kinetics. Then we approached the
problem from the other side. We treated the vanadium reactions as single-step ones with
Butler-Volmer kinetics. We applied a specially designed model for fitting the polarization

data from symmetric vanadium cells to estimate the apparent rate constants and charge
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transfer coefficients. This approach isolated kinetic parameters for the real RFB system

with a concentrated electrolyte, porous electrodes, and a constant electrolyte flow.

As the result, we proposed the catholyte reaction pathways and the set of kinetics
parameters that characterizes vanadium redox processes in general, without considering

the various mechanisms.
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2.2 In situ spectroelectrochemical Raman studies of vanadyl-ion oxidation

mechanisms on carbon paper electrodes for vanadium RFB
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ABSTRACT

The elucidation of redox reaction mechanisms utilized in vanadium flow battery opens broad opportu-
nities for targeted improvement of performance in specific power and energy efficiency. However, there
is no unified agreement with regard to the catholyte reaction mechanism as common electrochemical
methods such as cyclic voltammetry show general current-voltage response without distinguishing the
various vanadium reaction intermediates involved in the redox reaction process. The literature describes
several mechanisms that vary from electrode carbon composition, surface functionality, and electrolyte
composition. Still, all proposed reaction pathways were derived from indirect models, and thus the in-
troduction of an additional method for monitoring the speciation of vanadium moieties and for spatially
resolving redox processes at the electrode/electrolyte interface is required for reliable validation of the
reaction mechanism. Herein, we introduce a new spectroelectrochemical technique, which combines Ra-
man spectroscopy with cyclic voltammetry as a powerful tool for deducing complex redox mechanisms
at carbon paper electrodes. In particular, the vanadyl oxidation reaction mechanism was investigated on
heated carbon paper with the help of in situ Raman Spectroelectrochemistry. Significant differences in
the reactivity of carbon paper was found for electrodes activated at different temperatures and show
that the fibers are more susceptible to oxidation, while the binder burns, which leads to a decrease in
electrochemical active surface area. The monitoring of vanadyl oxidation showed two different reaction
mechanisms on the fiber surface and the alternative one for the binder phase. Thus, this new spectro-
electrochemical technique is an effective tool to track species transformation during redox reaction not
only for catholyte in Vanadium Flow batteries but also for other systems.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

tion [9-12]. One of the straightforward approaches addressed to
this problem is a decrease in cell resistance. The impact of acti-

The utilization of renewables is becoming a more pragmatic
alternative with a global trend towards the implementation of
environmental-friendly technologies [1,2]. The combination of re-
newables with energy storage devices having a capacity in the
range 5 kW h-10 MW h drastically increase its rentability, and Re-
dox Flow Batteries (RFB) are one of the most suitable technologies
among the market options [3-5]. Their key features are indepen-
dent scaling of capacity and power coupled with a long-cycle op-
eration (20000 cycles), which comes from the utilization of stable
redox-active soluble species, in particular, vanadium ions in differ-
ent oxidation states that eliminates a crossover problem [6-8].

Typical vanadium electrolyte based RFB (1.5-2 M vanadium
species in acidic solution) suffers from limited volumetric spe-
cific energy density coupled with incomplete electrolyte utiliza-

* Corresponding author.
E-mail address: Nataliya.gvozdik@skoltech.ru (N.A. Gvozdik).

https://doi.org/10.1016/j.electacta.2021.138300
0013-4686/© 2021 Elsevier Ltd. All rights reserved.

vation losses coming from poor kinetics of vanadium redox reac-
tion is usually estimated as 5-20% of cell resistivity [13,14]. Elec-
trode improvement towards accelerated kinetics is considered as
a preferable approach to overcome this limitation. Modification of
carbon electrode surface was performed by various methods, such
as alkaline, acid, oxidative treatment, ultra-sonification, CO, acti-
vation, catalytic particles impregnation, electrochemical oxidation,
and heat treatment in the oxidative environment [14-20]. A sig-
nificant improvement in VFB performance was demonstrated after
modification in all these works. The origin of these strategies’ ef-
fectiveness was an increase of wettability coupled with the accel-
eration of redox reaction rates [21]. However, the research to date
has tended to focus on practical application rather than fundamen-
tal studies of the mechanisms that lead to improved kinetics of
electron transfer of vanadyl ions at carbon electrodes.
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Fig. 1. Proposed reaction mechanisms of the VO,*/VO?* redox couple studied via
NMR spectroscopy [25,29,30].

A deep investigation of multi-stage reaction mechanisms has
been mostly restricted to a limited amount of applied techniques
(e.g., cyclic voltammetry). In particular, several-step mechanisms
were suggested based on cyclic voltammetry and EIS, pointing out
the importance of oxygen-containing groups as possible catalysts
to accelerate vanadium redox reactions [22-24]. The hydroxyl, car-
bonyl, and carboxyl functional groups can act as active adsorption
sites for vanadium ions (fixing ion’s position on the electrode sur-
face) and accelerate the electron transfer and the change of ion
structure [15,25]. Moreover, a correct interpretation of the electro-
chemical data requires an accurate estimation of real electrochem-
ical surface area (ECSA), as the introduction of hydrophilic groups
on the surface leads to the growth of material wettability [21].
Greco and coauthors studied in detail thermally-treaded carbon
paper electrodes and demonstrated that overall oxygen content on
the surface correlates with the growth of rate constant (data was
normalized by ECSA). They also found that performance improved
with the decay of ECSA, which was attributed to the combustion
of the binder phase of the carbon paper [26]. So far, little attention
has been paid to the role of morphology and local structure of the
electrode material. It was shown that sp2 hybridized carbon con-
tent, as well as the AE in V(V)/V(IV) reaction, decreased for amor-
phous carbons (Vulcan® XC72) during heating activation, while the
tendency was vice-versa for more ordered structures (graphite and
carbon paper) [27]. Hence, the activation treatment effect depends
also on the material structure.

The extraction of different factors leading to change in the re-
actions’ kinetics seems to be challenging, as complex electrochem-
ical mechanisms are hard to trace and model; thus, the intro-
duction of additional analytical techniques for species monitoring
gives insights into the process [28]. For example, the electron ex-
change reaction V(V)/V(IV) in acidic solutions was examined by
NMR spectroscopy. In the case of V(V)/V(IV) solution, an equilib-
rium of V,033+ complex, VO,* and VO%* ijons was established,
and electron transfer between the complex and free ion, following
the scheme [29,30] (Fig. 1).

Based on this scheme, Wu and coauthors proposed that the
surface oxygen plays the same role as complex formation in
the solution: the reaction mechanism occurs via an inner-sphere
species with C-O-V bond formation [25]. Further investigations
have shown that the reaction mechanism is determined by the sur-
face properties [31,32]. However, the proposed models were based
on electrochemical measurements, and no detailed studies on the
detection of intermediates were performed even at more standard
electrode materials, such as the carbon paper or carbon felt.

This paper proposes a new methodology for the investigation
of the V(IV)/V(V) reaction mechanism based on Raman spectro-
electrochemistry. Spatially resolved detection of different vanadium
species, as well as carbon material morphology, is possible with
this technique. A specially designed electrochemical cell allowed us
to combine cyclic voltammetry with a Raman microscopy and track
the reaction at the electrode surface. Careful characterization of the
materials was performed in order to track the properties change in
tendency. The heat-treated carbon electrode with the best electro-
chemical performance was selected for deeper Raman microscopy
investigation. The oxidation reaction of catholyte was studied in
detail as the charging process (VO** + H,0 - & — VO,* + 2H")
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Fig. 2. Schematic model and a real cell for in-situ Raman voltammetry.

on thermally activated carbon paper. Analysis of Raman spectra re-
vealed a drastic difference in Raman signal from two carbon pa-
per components (fiber and binder), and different forms of vana-
dium species were detected. All in all, Raman spectroelectrochem-
ical study of the reaction provided clear evidence of the existence
of two different mechanisms in activated carbon paper.

2. Experimental

Materials: Carbon paper Sigracet SGL 28AA (Fuel Cell Store,
USA) was used as pristine material for investigation. VOSO4 xH20
(Sigma-Aldrich, 97%) was used as a vanadium source. Carbon felt
Sirgscell GFD4.6 EA (Fuel Cell Store, USA) was used as a counter
electrode in a 3-electrode in-situ Raman cell. Nafion® 115 as a
membrane for the flow battery tests was conditioned before the
tests.

Carbon paper modification: Series of carbon paper samples
were heated under the air at different temperatures (400, 420, 440,
460, and 480 °C) for 20 h with 30 min of heating time and in-
dependent cooling in a muffle oven. The contact angle measure-
ments were performed at Kruss DSA25 contact angle test stage.
The microstructure of carbon paper was studied with FEI Quattro S
Scanning Electron Microscope (the accelerating voltage was 15 kV
with magnifications from x 300 to x 5000). X-ray Photoelectron
Spectroscopy (XPS) measurements of carbon paper samples were
performed using PHI 500 VersaProbe II spectrometers with spher-
ical mirror analyzers. Al K¢ monochromatic x-ray source with
1486.6 eV X-ray energy was utilized. Survey spectra were recorded
with 1.0 eV step size, while high-resolution spectra were recorded
with 0.1 step size. High-resolution XPS spectra were processed to
obtain atomic concentration. First, photoelectron backgrounds were
subtracted from the high-resolution spectra using Shirley function
approximation. The resulting spectra were used for element quan-
tifications. All the spectra were calibrated to the same Cl1s bind-
ing energy position 284.8 eV. Electrode capacitance was used as
an approximate estimation of electrochemically active surface area
(ECSA). Cyclic voltammetry with a weighted sample of the carbon
paper as a working electrode was measured for scan rates 10, 20,
50, and 100 mV/s. The test was performed at 2.5 M H,SO,4 elec-
trolyte. The capacitive current was used at the potential of 0.7V vs.
Ag/AgCl 3 M KCI electrode. The same response from the polished
glassy carbon electrode was used as the reference sample with a
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Fig. 3. A - mass loss of the samples after the activation treatment at different temperatures; B — Air permeability for the heated samples; C- SEM microphotographs of

pristine and heated samples at 440 °C and 480 °C with magnification 300x and 5000x.

known area. The capacitance was calculated from a linear fit of the
scan rate dependent capacitive current.

Cyclic voltammetry: A standard three-electrode cell filled with
2.5 M H,S04 was used with reference Ag/AgCl electrode in 3 M
KCl connected to the cell by a salt bridge and graphite counter
electrode for additional ex-situ measurements. A round piece of
studied carbon paper sample with a 0.25 cm radius was used as
working electrodes. Data was recorded with IR-correction deduced
from the high-frequency intercept of Nyquist plots of EIS in the
range 0-11 V and 0.6-1 V vs. reference with scan rates 5, 10, 20,
50, 100 mV/s using Biologic ST200 potentiostat. A linear fit of the
scan rate dependence on capacitive current was performed to ob-
tain the carbon electrode capacitance, which was normalized to
the known specific capacitance of glassy carbon electrode and to
the mass of the carbon paper electrode in order to get an electro-
chemically active surface area (ECSA). Air permeability was derived
from the linear fit of pressure drop through the sample - flow rate
dependence from Darcy’s law. The test setup was discussed in de-
tails by A. Tamayol et al. [33].

Vanadium RFB tests: Single-cell flow battery assembly was
done based on Brushett group design [34] with a 2.5 cm? electrode
area. The battery contained three layers of carbon paper as elec-
trodes and Nafion 115 as a membrane. The electrolyte consisting of
1.6 M of vanadium ions in 4 M total sulfates concentration (12 ml)
was pumped through the cell with a 30 ml/min flow rate. Cycling
was performed at 60, 100,150, and 200 mA/cm? current densities
with the cutoffs of 0.8 and 1.7 V. The polarization curve was deter-
mined by the following procedure: (a) battery was charged till 50%
State of Charge (SoC) by 100 mA/cm?2; (2) discharge current in the
range [25-1100 mA/cm?2] was applied for 20 s, and last 5 points
were averaged; (3) the battery was charged back to 50% SoC by
150 mA/cm?2; then steps 2 and 3 were repeated with another dis-
charge current density. The EIS data were collected before and af-
ter tests in a range of 200kHz - 0.1Hz with 10 mV amplitude. All
data were measured by Biologic ST200 potentiostat.

In-situ Raman spectroelectrochemistry :  Specially  designed
three-electrode cell was made of Teflon (Fig. 1). The piece of
carbon paper (0.2 x 1 c¢cm) was placed on the copper tape as
a working electrode. The contact was isolated by FKM O-ring
compressed between the cell body and transparent acrylic frame.
The disk of the felt (1 cm in diameter) was put on the bottom of
the cell as a counter electrode and connected by a glassy carbon
rod. The capillary was mounted in the bode of the cell, filled by
3 M KCl, and covered by Nafion 117, similarly to the construction
reported here [35]. The opposite end of the capillary was put

into the vessel with a reference Ag/AgCl electrode in the 3 M
KCI solution. The electrochemical cell was placed in the working
area of the DXRxi Raman Imaging Microscope (532 nm, 2 mW),
which was focused on the working electrode covered by 25 um
of a 1 M VOSO, solution in 2.5 M H,;SO4. Cyclic voltammetry was
performed in a range of 0.6-1.1 V with 5 mV/s scan rate with IR
corrections using Autolab potentiostat. A microscope sample com-
partment was purged with argon. Raman spectra were collected
during the forward (cathodic) process of the second cycle. Manual
selection of the studied surface was done with alternate focusing
on the surface of the fiber or binder during the experiment.

Raman spectroscopy data processing: Raman data were treated
according to the following procedure: the baseline was subtracted
using the algorithm [36]; the spectra were normalized to the max-
imum intensity of the G-band of the carbon (around 1590 cm~1).
The region 700-1100 cm~! was subtracted and additionally nor-
malized to the band 1040 cm~! attributed to the asymmetric
stretching vibration of HSO4~ ion as this band had a constant in-
tensity in pretest reference solutions [37].

3. Results and discussion
3.1. Carbon paper characterization

Material properties, in general, are connected to the manufac-
turing method, and some of the deduced features in this paper
are also related to the way of carbon paper production. In general,
carbon fibers are mixed with a sticky, low-cost polymer binder (a
thermoset resin), which form a flake-like phase on the surface of
the fibers after drying. The final step of heating leads to graphi-
tization and carbonization processes, which change the structure
of the resin to amorphous carbon and increase the crystallinity of
carbon fibers providing high conductivity of carbon paper [38]. As
annealing is done under the inert atmosphere, no additional func-
tionalization of the material surface occurs. However, carbon itself
is hydrophobic, and assistive treatment is required to change the
wetting behavior. Therefore, air-exposed heating is one of the scal-
able methods of surface modification, taking into account that ex-
cess activation can be accompanied by partial destruction of the
material.

Heating of carbon paper samples under different temperatures
(25 °C or pristine, 400, 420, 440, 460, and 480 °C) in the air for
20 hours revealed significant morphology and structure changes.
Samples’ weight loss was in proportion to the heating tempera-
ture from 2.5% for 400 °C to 25.2% for 480 °C (Fig. 3A). A notice-
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Fig. 4. A - water contact angle measurement for carbon paper samples; B - oxygen
to carbon ratio derived from XPS spectra integration; C - the specific electrochem-
ically active surface area of samples obtained from the capacitive current at 0.7 V
vs. Ag/AgCL.

able degradation in mechanical properties began from 460 °C, and
the sample heated up to 480 °C almost lost its integrity. However,
the material remained its continuity, and only minor growth in
gas permeability was observed with the increase of the activation
temperature (Fig. 3B). This observation is attributed to the gradual
burning of less structured and more sensitive to oxidation parts of
the material, in particular the binder phase of carbon paper. This
macroscopic phase content change was also proved by SEM mi-
crophotographs (Fig. 3C). Carbon fibers in pristine material were
almost fully covered by flakes of the binder. A higher fraction of
the carbon fiber surface was opened through the set of the study-
ing samples, where the surface of the fibers was released by burn-
ing binder flakes. No statistical changes in fiber diameter were de-
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tected. This process automatically was accomplished by oxidation
of the material surface.

The wettability of the carbon paper significantly increased with
the growth of treatment temperature (Fig. 4A). The hydrophilic-
ity of carbon paper occurred at 420 °C and higher. The optimum
contact angle, which provided a prompt wetting of material, was
below 60°, which matched the data for samples heated above
440 °C. Surface oxygen content derived from XPS spectra corre-
lated with an observed wetting enhancement: the surface became
gradually saturated with oxygen as temperature increased (Fig. 4B)
and reached 4% level. The collected XPS data provided a local inte-
grated analysis representing the surface composition, which mainly
consisted of carbonyl and hydroxyl oxygen types.

In addition to the wettability and local composition of the sur-
face, a real electrochemically active surface area of the electrodes
was calculated based on double-layer capacitance to get insight
into the surface involvement in the reactions (Fig. 4C). ECSA was
in close agreement with the contact angle measurements as the
material’s hydrophilicity increased, the ECSA also grew, unless the
point where the amount of annihilated material exceeded the oxy-
gen impact. The sample, which was selected for further investiga-
tion, had the maximum ECSA of 6.4 m?/g.

Furthermore, CV test at a relatively low scan rate of 5 mV/s
demonstrated the presence of a surface Faradaic reaction, that
was attributed to the hydroquinone-quinone redox reaction and
phenol-carbonyl redox reaction in acid media (Fig. 5A) [39,40].
This observation clearly showed that carbon paper surface usu-
ally is covered with carbonyl groups at the battery operating po-
tentials. Moreover, this characteristic current peak was pronounc-
ing only below the 5 mV/s scan rates, which implied slow ki-
netics of this process and its minor intensity, which made the
effect masked by double-layer currents at higher scan rates. In-
tensification of this reaction was observed for samples with low-
temperature activation till 440 °C. In contrast, further increase of
temperature treatment led to a gradual decay of the peak, which
was due to the overall decrease of sample mass and surface area.
However, normalization of charge that passed during the oxidation
process to ECSA of the samples showed that surface concentration
of the redox-active oxygen gradually grew with activation temper-
ature rise, which correlates with the XPS data (Fig. 5B). Overall,
received trends of ECSA and oxygen content were in agreement
with literature data [26]. It was shown above that a larger area
of fibers could be involved in the process, and a progressive drop
in ECSA occurred during the heating. These findings suggested that
fibers tend to allocate more oxygen functional groups on their sur-
face, meaning a spatial heterogeneity of the reaction in the ma-
terial, the same results were demonstrated for N-doping carbon
paper [41].

Based on the discussed above material properties evolution, the
optimal temperature for the carbon paper activation was 440 °C,
as such treatment balanced the surface oxidative functionalization
and the mass reduction making the sample with the highest ECSA.
This sample was used for further investigation.

3.2. Carbon paper electrode performance in vanadium flow battery

A single-cell vanadium prototype with carbon paper electrodes
activated at 440°C was tested to prove the material suitability in
the real device (Fig. 6). The polarization curve at 50% SoC had a
slope of 0.81 Q/cm? at the initial linear part, further deviation
from linearity corresponded to the gradual increase of a mass-
transport impact. Calculated resistance is a total cell resistance that
summarizes the contribution of all elements of the system (mem-
brane, mass-transport, charge transfer, cable resistances). A maxi-
mum power density of 525 mW/cm? was achieved at 620 mA/cm?,
which is in agreement with the literature data [42]. Cycling per-
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formance data was measured at different current densities: an in-
significant drop in Coulombic efficiency during the first cycling as
well as after the current density change was observed as a com-
mon feature of such tests, which is usually attributed to the pres-
ence of oxygen and other impurities. Coulombic efficiency stabi-
lized and remained constant at the level of 96.3% with a deviation

of only 0.16%. This stability, along with a constant gradual drop
of the voltage efficiency, is attributed to the relative concentra-
tion change in the compartments, clearly demonstrated no pres-
ence of degradation inside the cell. In total, the energy efficiency
of the battery at current densities below 150 mA/cm? was higher
than 80%, which is a general target for RFB systems. Therefore, in-
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vestigated material was well suited as an electrode material for
VFB.

3.3. Carbon paper Raman mapping

Preliminary studies of carbon paper structure revealed a drastic
difference in Raman signal from fibers and the binder of the car-
bon paper that distinguishes two phases of the material (Fig. 7).
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Here, the mapping of pristine and activated at 440 °C samples rep-
resents the ratio of D and G bands as one of the characteristic dif-
ferences of the spectra depending on the phase (Fig. 7 E, F). The
D-band located at 1350 cm~! corresponds to defects and lattice
disorder in the structure, while the peak at around 1590 cm~! is
attributed to the G-band, which relates to the sp2 carbon [43]. The
relative intensity of D band to G band (Ip/Ig) can be used to re-
flect the disorder degree of the graphite. Fibers had a higher Ip/Ig
ratio indicating the presence of turbostratic carbon and disordered
surface structures. Particular D/G profiles are common for the car-
bonized but not graphitized carbon fibers [44]. While the binder
phase had a moderate Ip/Ig ratio, that means the enhancement in
graphitization and more regular structure (Fig. 7 A, D).

Ip/lg ratio increased with activation temperature growth for
both phases with the same slope, even if the values were different.
(Fig. 8 A). That implied constant accumulation of oxygen groups on
the surfaces of both phases, as any surface functionalization dis-
turbs the layer structure and causes D-band growth [43]. More im-
portantly, a drastic difference in 2D-bands at around 2700 cm~!
of two phases was observed (Fig. 7 A, D). 2D-band is sensitive
to the charge carrier interactions and a full-wave half maximum
(FWHM) of the 2D-band for carbon materials, especially for the
graphene-based, related in direct proportion to the Fermi level. A
high value of the 2D peak FWHM, representing a wider intense 2D-
band, indicates a more exchangeable charge carrier and a lower en-
ergy barrier for charge transfer at the interface [41,45]. Therefore,
the probability of redox process event is higher as different forms
of species can react, overcoming the activation barrier. Here we
demonstrate that with an increase of activation temperature, the
opposite trends of FWHM for fiber and binder fraction occurred
(Fig. 8B). Moderate oxidation of carbon fibers at 420 °C led to a de-
crease of FWHM, attributed to a decrease in electron density, com-
pared with the pristine sample, but a further increase of activation
temperature recovered and exceeded the initial level, meaning that
the Fermi level of the studied sample (440 °C) was the same as the
pristine one’s. Even the existence of a sharp 2D-band in the binder
spectra further confirmed its well-ordered layered structure; this
fraction tends to be less electroactive, as its FWHM was signifi-
cantly lower than for the fibers.

It can be concluded based on Raman data that a binder had
more structured morphology than fiber, but it had a lower Fermi
level and electronic conductivity than fibers, which led to low elec-
trochemical activity [38]. Although well-studied carbon fibers are
known for their highly ordered structure, which is responsible for
their high electric conductivity, fiber's outer layer’s structure is
less ordered. Taking into account previously discussed carbon pa-
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Fig. 10. Spectral evolution with the growth of applied potential collected on the binder and the fiber surface.

per properties, such as mass loss via binder fraction illumination
and preferential oxygen functional groups formation on fibers, one
could infer that the studied material is heterogeneous with two
distinguishing phases that have different electrochemical activity.

3.4. In-situ Raman voltammetry

We designed a special three-electrode cell, which can be in-
stalled inside the Raman spectroscope for a more in-depth in-
vestigation of reaction mechanisms on oxygen-enriched and de-
pleted surface areas of the carbon paper (Fig. 2). We chose the
oxidation process of vanadium catholyte to have assured the
known initial concentration of vanadium species (VO* + H,0 -
é — VO,™ + 2H*). We were able to track a surface concentra-
tion of the vanadium species during the cyclic voltammetry by
focusing directly on the carbon paper surface (Fig. 9). Additional
tests were done before selecting a suitable vanadium concentra-
tion, minimum immersion depth of the working electrode, and the
regime of Raman spectra recording. Manual focusing on different
fractions of the material during voltammetry was required to be
aware of surface concentration probing. We used Ip/I; ratio of each
spectrum was a marker of belonging to an exact fraction; exam-
ples of raw data for binder and fiber surfaces are presented on
figure 9B, C.

The deconvolution of Raman spectra was based on the pre-
liminary measurements of reference solutions and the literature
data [37,46-48]. As studied vanadium species were in the solu-
tion, significant peak broadening occurred (Fig. 10). Characteris-
tic pronounced peaks attributed to the HSO4,~ and HSO4~..H30"
starching vibration of S-O around 1047 cm~!, and 1035 cm~! were
detected for all spectra. The peak at 990 cm~! corresponded to
the V=0 stretching vibration had a noticeably decrease in intensity
moving from V(IV) solutions to V(V). Symmetric vibrations of oxy-

gen in VO, " ion occurred around 935 cm~!, and extensive growth
was observed with an increase of potential. A less intensive band
of asymmetric stretching in VO,* ion at ~890 cm~! had the same
tendency on both surfaces. With the growth of potential, the peak
intensity of the V=0 stretching band gradually decreased on both
surfaces; simultaneously, the appearance of a new band attributed
to different V(V) species were observed, and these bands varied
depending on the surface. Additional integration of HSO4~ or S042
into the VO, coordination sphere caused a shift and a broad vi-
bration band at the range of 830-860 cm~!. Thus, the main peak of
VO, ™ (930-935 cm™) had a shoulder formed by asymmetric mode
and additional mode from VO,HSO,4, as it can be clearly seen at
the high potentials. Distinguishing intensities of these modes and
potential dependence gave one of the keys to understanding the
reaction mechanism. Further low-frequency modes of spectra had
noticeable differences depending on the studied surface. Asym-
metric stretching mode from V-0-V in dimers (V,053+, HV,033+,
HV,05°) was found at the range of 780-820 cm~". The intensity of
the dimer peak grew with the SoC and was significantly greater at
the fiber surface. Moreover, its relative intensity raised sufficiently
compared to the reference solutions and the literature data [48].
An additional unidentified peak at ~743 cm~! was detected prefer-
entially on the fiber surface at low overpotentials. No presence of
the same peak was detected in the reference solutions. This band
was attributed to the asymmetric bonding in V-O in dimers or in
the C-O-V structure, as VO2t+ were chemisorbed at the oxygen-
functional groups on the fiber surface, as a depolarization of the
V-0 bond by surface oxygen predominately causes a low-frequency
shift of the antisymmetric vibrations [49].

We visualized changes in the intensity of the most important
bands for the binder and the fiber spectra to facilitate the mecha-
nism interpretation (Fig. 11). We deduced the following features of
vanadyl oxidation:
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Fig. 12. Different reaction pathways of vanadyl oxidation.

1) Growth of V(V) bands intensity for the fiber started from 0.86 V
vs. Ag/AgCl, which coincided with an E;j,, while the start of the
reaction was shifted to 0.9 V for the binder surface.

2) The formation of the dimers was observed preferentially on the
fiber surface. The band growth may be interpreted as an accu-
mulation of the dimers near the electrode.

3) In addition, adsorbed vanadium species were observed at mod-
erate overpotentials, while VO,..HSO, ions were more likely
formed at high overpotentials.

4) As the binder surface was oxygen-depleted and the adsorbed
intermediates were diminished, so the transformation into the
pure VO, ions started firstly, while the incorporation of HSO4~
into the coordination sphere was detected at higher overpoten-
tials. These observations coincided with the proposed and hy-
pothesized mechanisms in the literature [32,50].

As we tracked the appearance of different species with the
growth of potential, we were able to propose an illustrative scheme
of prevailing mechanisms during the reaction. The electrode sur-
face functionalization significantly influences the reaction path-
ways.

Path 1. The oxygen-enriched surface reduces the required en-
ergy barrier for the start of the reaction (Fig. 12. Path 1). Vanadyl
ion was chemisorbed on the carbonyl oxygen forming inner-sphere
complex [50]. A certain amount of VO," ions was formed by
sequential addition of the -OH from H,O in the ion coordina-
tion sphere and the electron transfer coupled with H™ desorp-
tion in the -OH. Accumulated VO,* ions formed dimers with
vanadyl ions straight on the electrode surface. Additionally, the ob-
served delay in reducing the 990 cm~! peak and the appearance

of the 935 cm~! peak showed that the redox reaction was going
through the dimer formation at low overpotentials. We assumed
that the electron transfer occurs on the adsorbed dimer, as a sim-
ilar scheme was proposed for the V(V) reduction [32]. With the
growth of overpotential, the straight formation of VO,* absorbed
ions was observed, meaning partial decomposition of the dimers
in the form of pure VO,* or VO,..HSO,4. Therefore, this transition
through the adsorbed forms implies a high activation barrier for
the desorption from the surface after electron transfer.

Path 2. The pathway for the oxygen-depleted surfaces shows no
significant changes for low and high overpotentials (Fig. 12. Path
2). Sufficiently low effect of dimer formation was presented on
the oxygen-depleted surfaces at moderate overpotentials. The di-
rect transformation of the vanadyl ion to VO, at moderate over-
potentials shifted to the formation of VO,HSO,4 with the growth of
overpotential. No species accumulation was detected on the sur-
face. The gradual rise of the asymmetric band at 888 cm~! indi-
rectly indicates the formation of VOOH2* ions, which can be the
intermediate in VO, formation. The same pathway variability was
discussed in the literature [28]. In summary, we proposed the fol-
lowing scheme of the reaction mechanism.

4. Conclusions

This paper investigated the vanadyl oxidation reaction mech-
anism at activated carbon paper electrodes. In situ Raman spec-
troscopy was combined with cyclic voltammetry to monitor the
reaction pathway 1 M sulfuric acid electrolyte. Raman mapping
revealed the presence of two different surfaces in the electrode:
fibers of the carbon paper had a turbostratic carbon structure with
the partially oxidized surface, while binder flakes remained their
graphitic structure without oxygen enrichment. The vanadyl redox
reaction proceeds through two different pathways on these sur-
faces that depend upon the applied overpotential. Deconvolution
of the potential dependent Raman spectra of vanadium species in-
dicated that: (i) oxygen-enriched electrode surface decreased the
overpotential at which the reaction started and promoted the for-
mation of dimers under moderate overpotentials; (ii) preferential
formation and HSO,4-associated VO, ions rather than free VO, ™
ions were characteristic at overpotentials on the fiber surface. Fur-
thermore, the oxygen-depleted binder surface proceeded via one
pathway at all overpotentials, which consisted of two undistin-
guishable steps: formation of VOOH* and the electron transfer
converting this species into VOOH?2+; and further formation of free
and HSO, -associated VO,™* ions. On this basis, we were able to
provide clear evidence of dimers incorporation into the electro-
chemical reactions of catholyte in VFB and get insights into the
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surface modification role in the real electrode material. Further-
more, we believe that the demonstrated In Situ Raman spectro-
electrochemical approach for redox mechanism study can be im-
plemented in other complex redox systems associated with elec-
trochemical energy storage technologies.
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Introduction

The efficiency of the redox process is connected to the current density and the
power of the battery. Vanadium RFB has two reactions, which have poor kinetics and
complicated mechanisms [156]. To fix it porous electrodes with an enlarged surface are
used. Additionally, a lot of effort was done to develop advanced electrodes with catalytic
effect [146]. Such works usually demonstrate the improved performance but do not discuss

its reasons and provide numerical data.

The available experimental data for VRFBs is usually limited by open-circuit
voltage (OCV) and potential (OCP), charge/discharge voltage profiles at constant load
current, full cell polarization curves at the fixed state of charge (SOC), and internal stack
ohmic resistances. This complicates the decoupling and accessing of the voltage loss
sources, with the prevailing ones usually classified as ohmic, concentration, and activation
overpotentials. The decoupling of overpotentials at positive and negative half-cells requires
the half-cell potentials measurements with reference electrodes (RE) in addition to full cell
data [155,166,167]. Therefore, the development of a self-consistent experimental setup is

crucial for understanding and decoupling internal losses in VRFB.
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We proposed an alternative way for electrode materials characterization with
numerical metrics of reaction rate. The vanadium redox reaction was treated as a single-
step reaction without consideration of mechanisms. Such an engineering approach
generates effective apparent kinetics parameters (charge transfer coefficients and apparent
rate constants). This method can be applied to any electrode material and allow the

comparison of the electrocatalysis effect of different materials.

The developed approach is corroborated by the numerical study to decouple the
losses between the half-cells by extracting the effective kinetic and mass transfer
parameters in a real vanadium RFB equipped with reference electrodes. Firstly, we made
a calibration for the SOC vs the OCP for the symmetrical setup. Then, we generated data
for the modeling from symmetric cell design. Finally, we validated the model on the full

cell data.

As aresult, we refined reliably the order of the apparent rate constants for vanadium
redox reactions and showed that charge transfer coefficients significantly differ from 0.5

for both catholyte and anolyte reactions.

Model development

We apply the 0-D model based on general mass and charge conservation principles.
The key feature of the model is the approach for the determination of the integral mass-
transfer coefficient on the electrode-electrolyte interface that allows a describing non-linear

polarization behavior at high currents. The model is derived within the continuous stirred-
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tank reactor approximation and isothermal conditions. The model is discussed in more

detail in the works of our group [51,157].

In the presence of the electrical current, additional losses change a cell potential (U)
relative to the cell equilibrium potential (Ue.y). Such losses are constituted by activation
(1act), Ohmic (Rcl), and concentration overpotentials (7con), and cell voltage can be

calculated as:
U= Ugq (Reel + Neongact) 2.1

Cell losses are represented as the sum of terms, attributed to different physical
processes. Activation losses are caused by activation energy barriers of redox reactions and
sluggish kinetics; Ohmic losses are caused by the finite electrical resistance of the cell;
concentration losses are caused by mass transport limitations of reactants from the bulk

solution in the cell to the surface of the electrode.

Concentration losses are represented as:

1
ncon (l‘):gln l_ﬂ
F [[im (Z) (22)

Limiting currents depend on the electrodes area (4.) and surface concentration

(Creact), and can be evaluated as:

_ he
] lim km AeF creact (23)

97



km 1s an empirical mass transfer coefficient that should be tuned for the particular
setup. This value represents the joint effect of diffusion and convection of the reacting
species on the electrode-electrolyte interface and can be further approximated as function

2.4, where u is a flow rate, and a, 8 are experimental coefficients.

— B
ky = au (2.4)

Ohmic losses are derived from the EIS of the cell with the assumption, that cell

resistance (Rc.) is constant during the experiments.

Additionally, the model was expanded using Butler-Volmer formalism for the
simulation of the activation losses (Eq. 2.5). Each reaction was treated with respect to
directions and thermodynamic restrictions. We used the thermodynamically consistent
single-step mechanisms for the reaction going in opposite directions at both parts of a

symmetric cell.

rPe VOF + 2H" +e” - VO?* + H,0

Single-step mechanism

Butler-Volmer formalism for reaction kinetics and mass-balance equations:

Toa = Kog CrotCu+exp (_ M) —kbY eygerexp (w) E(‘YE'@' standard potential
L y RT ac RT for pe, ne half-cell
&Z_‘f = ko cvsrexp (7 W) — kg Cyzr€xp (W)} I’e*a-cgSlrl](sconcentrations
(dcj:;)x:[] =0 ky (C:/o; = cvo;) —rbe %15:0 =0 % kp(eger — cysr) — 12 Ael:i:jdep T
(2) 0 ks —cvnn) 28| ()., =0l ) [ st
o = @y Ubattery = Ueq + IRce + N(EP##1 — EP?) + N(E"*% — E™¢) Ncongact (25)

As a model result, we derived 6 parameters for each experiment in the symmetric
cell: two mass transfer confinements (a, B), pairs of apparent rate constants and charge

transfer coefficients for anodic and cathodic reactions (acq, kcq). Below we present the
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derivation of the equations used for modeling (Eq.2.5). Detailed explanation and formula

derivation can be found in [157].

Experimental section

Setup construction: We adopted a 5 cm? flow-through cell with a Nafion 115
membrane and thermally-activated carbon felt electrodes (Sigracell GFD4.65 EA felt,
500°C for 10 h). Two leakless Ag/AgCl electrodes are placed in both inlets of the cell at a

1.5 cm distance from the bipolar plate (Fig. 2.1). Testing is performed by BioLogic

potentiostat VMP-3 with 10A booster.

1.5

Cell potential (V)

Max Cap 7.72 kC

> T = L | CE=92%

! 064 ' VE=87%

) EE =78%

0 20 40 60 80 100 120
Capacity (%)

Fig. 2.1 A — SEM of carbon felt electrode; B — scheme of full cell experimental

setup with two reference electrodes; C — cell cycling for the SOC determination test.
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SOC calibration: The calibration experiment is done to estimate the real SOC of the

system for both anolyte (NE) and catholyte (PE). The calibration curve is constructed as
SOC vs OCP dependence for PE and NE. As it was measured at open-circuit conditions
after sufficient time to equilibrate the system, this experimental setup provides the same

data as the separate OCP cell connected in parallel with the cell under the load conditions.

The 60 ml of electrolyte was charged by passing 500 mA through the cell. OCP of
both bipolar plates vs. the nearest reference electrode was simultaneously measured. Every
10% SOC, charging was interrupted for 30 sec to record the OCP of the half-cell
(Fig.2.1C). Assuming that crossover does not affect significantly on SOC due to the
sufficient volume of electrolyte, we built the calibration curve using the coulometry and
compared it with the Nernst equation. Proton activity(concentration) was included in the
equation for catholyte. The resulting calibration curves are then used to determine SOCs in

our experiments using the interpolation of the calibration curve.

This approach is supported by the low estimated rate of crossover (0.00008 mol/h
cm?) for the Nafion 115. Indeed, for the charging for 5 hours the crossover brings a rather

low error of 2.1 % into the SOC determination.
Symmetric cell testing protocol:

1. 50 ml of commercial electrolyte solution (1.6M of vanadium ions (V(III/IV) in 3M
H>S04) 1s used each time with constant Argon purging of the solutions.
2. Preparation of anolyte or catholyte sample with the target SOC is done by

potentiostatic charging at 1.6 V with coulometric control.
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10.

11.

50 ml of charged electrolyte (anolyte or catholyte) is placed in a single tank, from
which the electrolyte is pumped to both sides.

One of the bipolar plates is connected as a working electrode, and the counter is
another one. The reference electrode is connected to the Ag/AgCl electrode and placed
near the counter bipolar plate so that potential control is done through the whole cell.
OCP of both bipolar plates was recorded simultaneously with a testing procedure by
additional potentiostat channels.

The flow rate was controlled by a peristaltic pump and changed automatically after the
potentiostatic titration procedure is finished.

The OCP is recorded vs. Ag/AgCl electrode. The stability of OCP is a marker for the
absence of side reactions.

Two-point EIS is recorded for further calculation, the reference electrode is connected
to the counter electrode for this step.

Potentiostatic titration with steps of 25 mV vs. OCP for 40 sec followed by 80 sec
relaxation time at OCV was done with the current cutoff of 4A.

Firstly, the procedure is done for positive overpotentials, then for negative ones.
Secondly, the flow rate of the pump is changed and the procedure is repeated.

Ohmic resistance of the cell was determined by 2-points EIS measurements.

Full cell testing protocol:

We used the same configuration of the experiment as for symmetric cells. Reference

electrodes are connected as OCP sensors to the nearest bipolar plate. The cell is tested in
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two-point mode with simultaneous OCP of negative and positive bipolar plate tracking.
The polarization is done on current steps mode with steps of 100 mA and voltages cutoffs

02-1.75V.

1. Charging at 500 mA was done for the selected time to ensure the change of SOC by
10%.

2. Then the procedure was interrupted by polarization measurement. It consists of an
alternation of a charge current step for 40 sec, relaxation on the OCV, a discharge
current of the same magnitude, and again OCV.

3. After reaching the cutoff, further charging for (+10% SOC) was performed by 500
mA, and the polarization measurements were repeated.

4. A new electrolyte was used for the same experiment at different flow rates.

Results

The cell was charged with 100 mA ¢cm™ current density. OCV of both bipolar plates
vs. the nearest reference electrode was simultaneously measured. Every 10% SOC,
charging was interrupted for 30 sec to record the OCV of the cell. Assuming the error of
2% from a crossover, we derived the SOC calibration curve and checked it by the Nernst
equation. Proton concentration was included in the equation for catholyte [168]. SOCs for

all other experiments were determined using the interpolation of a calibration curve.

102



Potential vs. Ag/AgCI (0.197V SHE) (V)

.00

0.95 4

0.90 4

A

~ — - Epe_Nst

Epe_Nst_CH+
o Epe

-6
PR - |

RT

pe _ ppe
Eeq = Ep _Fl"

Potential vs. Ag/AgCI (0.197V SHE)

20 10 60
SOC (%)

-0.45

RT
Epe = Epe —?hz( .
v

T
80

SOC (%)

Fig. 2.2 A — catholyte calibration curve for SOC vs. OCP modeled by Nernst

equations with/without considering proton concentration; B — anolyte calibration curve

for SOC vs. OCP.

The next important experimental finding was in the place of the reference electrode.

Placing the reference in the outlet resulted in unstable potential control and overestimated

potential losses. Hence, we placed two reference electrodes in the inlet of the symmetric

cell and measure three signals. Polarization was carried out in a 3-point cell in the

potentiostatic mode and simultaneously detect the OCP of the plates (marked as blue

arrows in Fig.2.3). We take steps of potentials vs. OCP, measure the current transients, and

calculate its average after they reach steady-state; thus, obtaining the quasi-steady state

polarization curve. The flow rate is varied for each SOC under study.
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During the voltage steps, the overpotential gradient through the symmetric cell
looks like in figure 2.3. After the data processing, we derived the set of polarization curves.
We show the raw data for several SOC for anolyte (NE) and catholyte (PE) in figure 2.4.
Voltage control through the cell gives a drastic slope (blue arrows in figure 2.4), compared
with OCP measured from the same bipolar plate vs. nearest reference. The mass transfer
effect is noticeable at high currents: the curves spreading become noticeable for different

flow rates.

The data for the modeling was overpotentials vs. current dependence at different
flow rates. OCV of the symmetric cell was subtracted from each data point. Here we
demonstrated again that the experimental setup cannot sense the real losses inside the cell
without the modeling. If we proposed that no potential distribution occurs inside the cell,
ideally, a difference of V' - V- (difference between OCPs of bipolar plates) should give
the same value as a V cell (Fig. 2.5). Whereas the V cell has a larger slope than V' - V.
That means that potential drop inside the cell cannot be accessed by the reference electrode
on the inlet-outlet of the cell. Reference electrodes should be introduced inside the cell as

close to the membrane as possible for direct measurements of losses [169].
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Fig. 2.6 Overpotentials comparison for anolyte (NE) and catholyte (PE).

The main experimental outcome was that all losses inside the cell cannot be sensed
by reference electrodes placed outside the current lines. On contrary, the polarization tests

with potential control across the cell give reasonable estimations of total losses in the cell
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(See Fig. 2.6 and 2.7). Higher losses were observed systematically for anolyte reaction,

which is in an agreement with literature data [143,167].

A V control B

nha|fCe" = nb + nf — V control _ V -

V control =0 V control = +const

Fig. 2.7. A - Symmetric cell setup with data collection scheme; B — potential

distribution profile across the cell for the experiments.

We fitted the data with the developed model. The main model assumptions are 1)
averaged the gradients, 2) one-step reaction mechanisms, and 3) backward/forward
reaction has different mechanisms. The overpotential gradient through the symmetric cell
is presented in figure 2.7 B. The reaction is going forward in the right half-cell, and
backward in the left half-cell. We averaged the potential drop through each of half-cells,
as accurate distribution was unknown. Moreover, we assume that membrane potential is

constant, and it can be neglected since its value is within the measurement errors [170].
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Fig. 2.8 The example of the fitting data from a symmetrical cell.

We fitted the data with our model with high accuracy (Fig. 2.8). As a result, we
obtained sets of k4. and agc. They are derived for each SOC independently for both
cathodic and anodic directions. These parameters can be further used as the lookup table
in the dynamic simulations. Importantly, charge transfer coefficients were never 0.5, which
points out the complex nature of the reaction mechanism and the geometry of the porous
electrode. Looking at the unsymmetric behavior of the errors, one can conclude that it is
not possible to uniquely split the forward and backward reaction impact into the
overpotential. Nevertheless, averaging constants from values with errors below 100%
allows us to accurately estimate the order of the rate constants. One can notice that charging
is expected to have fewer losses (k, for PE and k. for NE in figure 2.9). The rate constants
are in the range of 8*107 to 8*10. Importantly, the k. for the catholyte reaction has a

different dimension, as proton concentration is included in the consideration.
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Fig. 2.9 Kinetic parameters for catholyte (PE) and anolyte (NE) at different SOCs.

Local sensitivity analysis shows that even in a simple symmetric experimental

design, we can use only parameters either for a cathodic or anodic net reaction. That means,

for example, if the alpha cathodic fitted well, an anodic is unfixed and can vary in a broad

range between 0 and 1, without an increase of fitting error, same for rate constants.

Sensitivity analysis represents a deviation for the parameters in symmetric cells (green and

cyan areas in figure 2.10 A), and as a reference for full cell fit without the parameter

restrictions (red areas). Pronounced red area means that model accuracy for the symmetric

design is much high and allows extracting exact values.
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A full cell test was done for model validation by recording the charging curve with
an interruption for current-control polarization. Fitting in the range of parameter errors
from a symmetric cell, gave an acceptable fit with divergence for high currents (Fig. 2.10
B). This deviation probably relates to ineffective mass-transport coefficients fit. Moreover,
there was a sufficient increase in the total error for high SOCs as a pronounced area of
mass-transport influence in polarization curves decreased at high SOCs. Thus, the fit

precision was also reduced toward high SOCs.

A

—20 -15 -10 -05 00 05 10 15

© ® [ ® 00 0 x ® [ ® 100
SOC, (%) SOC, (%]

Fig. 2.10 A — sensitivity analysis for symmetric cells in different SOCs and full
cells fitted with approximate parameters restrictions, taken from the literature (red area).
Green and cyan areas correspond to the uncertainties in kinetic paraments for catholyte
and anolyte, respectively. B — a full cell fitting with parameters restrictions, derived from
symmetric cell fit. Dots represent the experimental data; the lines are the fitting curves for

different flow rates.
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Conclusion

We proposed a method of the apparent rate constant determination in the flow
conditions of RFB. The main challenge of decoupling losses was done by using the
symmetric cell design and the extended model, which consider the activation losses in

detail.

The effective thermodynamically consistent single-step reaction mechanisms were
considered at both half cells, thus decreasing the number of free kinetic parameters. The
proposed approach demonstrated the importance of correct reference electrode placement.
The application of symmetric cell reduced the number of unknown parameters in the
model, hence, decreasing the fitting errors. Thus, the rate constant’s order of magnitude is

established exactly.

Averaged values for the kinetics parameters showed the difference in the rate of
charging and discharging reactions. V2" — V3 reaction goes slower than the V** — V2*
with k = 9.5*107 cm s™!, while the charge transfer coefficient for this reaction was higher
and equal to 0.79. The complex reaction of V(V) — V(IV) goes slower than the V(IV) —
V(V) with k = 7.8%107 cm mol? s, the charge transfer coefficient for VO," — VO?"is

lower too and equal to 0.32.

To sum up, the extracted apparent rate constants for vanadium pairs were in the
range between 0.8%10° and 8*10° cm s, and the charge transfer coefficient varies
significantly and were lower for reduction processes. Based on polarization data, we can

propose that the limiting process is the anolyte reaction.
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Thus, the extracted apparent rate constants under conditions of a real flow battery
provide important insights for developing reliable and efficient VRFBs applicable for
energy storage systems. We showed the method of kinetics parameters evaluation for
oxidized carbon felt electrodes, but the method can be applied easily for new electrode

materials.

2.4 Conclusions from the Chapter 2

The chapter is devoted to the characterization of vanadium redox kinetics from two
different points of view: elucidation of the limiting step in complex reaction of catholyte
and extraction of apparent kinetic parameters for the reactions by fitting the polarization

data.

Firstly, the mechanism of vanadyl oxidation was studied by a new
spectroelectrochemical technique. The vanadyl redox reaction has two different pathways
that depend on the applied overpotential and electrode surface. Deconvolution of the
Raman spectra of vanadium species indicated that the oxygen-enriched electrode surface
decreased the overpotential at which the reaction started and promoted the formation of
vanadium complexes under moderate overpotentials. The oxygen-depleted binder surface
enabled a single pathway at all overpotentials, which consisted of two undistinguishable
steps: 1) formation of VOOH" and the electron transfer converting this species into
VOOH?", and 2) further formation of free and HSO4 -associated VO2" ions. Clear evidence
of dimerized vanadium species incorporation into the electrochemical reactions was

provided and a scheme of possible reaction pathways was developed. The method of redox
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reaction tracking with Raman spectroscopy is suitable for any soluble redox-active species

with only requirements of disguisable Raman signals from oxidized and reduced forms.

Secondly, we proposed a method of apparent kinetic parameters determination in
the operation conditions of VRFB. Decoupling of losses was done by a combination of
modeling and a special setup with reference electrodes. Derived values for apparent rate
constants were among the lowest of the reported in the literature. The order of all constants
was below 10 cm s'. Moreover, noticeable asymmetry was observed in charge transfer

coefficient values with lower values for cathodic reactions in both anolyte and catholyte.

To sum up, both developed methods are useful tools for the elucidation of the
problems with sluggish kinetics of any redox-active species at different electrode materials
utilized in RFB. In the case of vanadium RFB, additional improvements imply boosting of
the V3*** pair kinetics. Selection of the optimal electrode material is based on balancing of
several factors: high active electrochemical surface area with many active sites and good
transport properties for the electrolyte flow. Based on Raman studies, it occurs that high
surface conductivity is an essential element for reaction rate acceleration. Therefore, a
carbon material, like carbon paper or felt, modified by nanoparticles with pronounced
catalytic effect, good stability in under operation conditions of the battery and high
conductivity seems to be the best choice. Moreover, the additional attention must be paid
to the suppression of hydrogen evolution reaction and stability of active sites on the anolyte
side of the cell. Furthermore, balancing of the electrolyte flow rate, internal resistance of
the cell, and the real surface area of the electrodes can effectively extend the operation

regimes without kinetics limitations.
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Chapter 3. Material selection protocol of bipolar plate for Vanadium RFB

3.1. Overview of the Chapter 3

As discussed in the Introduction, requirements of economic viability and defined
threshold values for target parameters must be balanced for each material in the cell.
Bipolar plate material is profitable to produce locally as it does not require complex
equipment. This chapter is devoted to the search for locally manufactured conducting

materials suitable for bipolar plate applications.

The implementation of carbon materials as bipolar plates provides low-resistance
contacts and chemical stability toward the vanadium electrolyte components. The
following requirements are crucial for the material selection: 1) a high electronic
conductivity; 2) zero permeability to prevent battery self-discharge; 3) mechanical stability
for a convenient manufacturing process; 4) chemical and 5) electrochemical stability. We
investigated two manufacturing approaches for materials with a scalable manufacturing

facility in Russia.

Firstly, the carbonized elastomer composite filled with hybrid carbon fillers (carbon
black, carbon fibers, and graphite powder) was used as this material has certainly zero
permeability. The key problem of the investigation was balancing the conductivity and

toughness, as the addition of fillers at the same time improved conductivity and fragility.

The second material was a graphite foil impregnated with fluoropolymer. The foil

has a layered structure with high electric conductivity. It has non-zero permeability due to
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the formation of open pores, which were fulfilled by the polymer during the material
preparation. Special attention was paid to the investigation of material to electrochemical

stability and the contact resistances in the cell.

As the result, a special set of testing methods was proposed for carbon material
benchmarking for bipolar plates, with numerical values for conductivity, and mechanical

and electrochemical stability tests.
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3.2 Carbonized elastomer composite filled with hybrid carbon fillers for

vanadium RFB bipolar plates

My contribution: Methodology, Investigation (cell design, degradation tests, RFB

tests), Visualization, Writing — Original Draft.
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New composite materials based on carbonized elastomers were investigated as a bipolar plate material for all-
vanadium redox flow battery to substitute conventional graphite. The key material advantage is shifting from
milling processing to straight forming of the final product during the synthesis. The final sintered composite
demonstrated enhanced mechanical properties along with zero electrolyte permeability. Carbon fillers’ influence
on electrical and mechanical properties of the composite was studied. The assembled flow battery with new
bipolar plates had a resistance of 0.20 Q/cm?, elusive permeability, suitable mechanical properties and proved

suitability of the material in the current densities range of 50-150 mA/cm? which meets the requirements for
industrial vanadium flow batteries.

1. Introduction

Decrease of the wind and solar electricity cost and growing impor-
tance of climate change activities highlight the stationary energy storage
systems’ role for a sustainable and reliable energy economy. Redox flow
battery (RFB) is a promising electrochemical technology for renewable
energy integration due to its flexibility and scalability [1]. The most
mature RFBs are based on vanadium salts (VRFB). Over dozens of pro-
jects have already been installed around the world, and the integration
into grids is continuing [2].

Many significant achievements were made in the optimization of
energy storage technology since pioneer works in the mid-1980s [3,4].
Cell component material improvement, a comprehensive understanding
of fundamental working principles, and obtained experience of pilot
projects allowed technology to become economically feasible. However,
cost optimization and localization of component production are
required for the extension of the RFB market.

One of the main components of the battery is a bipolar plate that
makes electrical contact between the internal solutions and the con-
nected wires. Bipolar plates possessing both high electrical conductivity

and mechanical strength has been urgently required for redox flow
batteries and fuel cells. Typical material for the bipolar plate is dense
graphite which, despite an excellent conductivity and chemical stability,
has two drawbacks: noticeable permeability and complexity of batch
processing [5]. In comparison with the graphite, the carbon-filled
polymer composite materials also can be easily produced by the for-
mation process; but a combination of sufficient mechanical properties,
high conductivity, and chemical resistivity is challenging [6]. A
high-quality carbon-filled composites were prepared for bipolar plates
by B. Caglar et al. fabricated by introducing synthetic graphite and
carbon nanotube (CNT) to polymer matrix [7]. However, the cost of the
materials (fluoroelastomer) and a multi-steps production and perme-
ability in operating conditions of VRFB remains disputable [8].

In this work we demonstrated the application of carbonized elas-
tomer composite filled with hybrid carbon fillers as material for the
bipolar plate. The material analogues of nitrile butadiene resin based on
carbonized composites was successfully tested in petroleum fluids and
acidic environments [9]. The ability to vary electrical and mechanical
properties by changing the filler ratio alongside excellent formability
makes the composites promising candidates for VRFB. Here we showed
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the first results of the material test in a VRFB prototype accomplished
with material characterization.

2. Experimental

Experimental bipolar plates were fabricated by LLC “Elastocarb
technologies”. The preparation of composite materials was carried out
using rubber mixing rollers to obtain a highly filled elastomeric mixture
based on nitrile butadiene rubber (BNR-18), discrete carbon fibers Toray
T700 (length of 20 mm), crushed artificial graphite and carbon black
grade N220. The mixture of rubber and fillers was vulcanized, followed
by carbonization at argon atmosphere at 340 °C for 12 h (Fig. 1a).
Electrical conductivity was measured on bars 2 x 4 x 15 mm by a
transport measuring system Cryotel. Microstructure of the samples was
investigated by a TESCAN VEGA 3 SBH scanning electron microscope.
Elastic modulus and ultimate compressive strength were examined by a
universal testing machine Zwick/Roell Z020 according to ISO 604:2002
on samples 10 x 10 x 4 mm and 50 x 10 x 4 mm on the hard pressure
plates at traverse speed 2 mm/min. Every set of experiments contains 12
samples. Charge/discharge cycle was hold on Potentiostat-galvanostat
P-40 x .

The stability test was conducted via soaking of the samples (ca. 2.5 g)
in 1 M V(V) solution in 2 M HySO4 (15 mL) at 40 °C. The changes in mass
and UV-vis spectra of the solution (processed according [10] to obtain V
(V)/V(1V) ratio) were recorded for one month. A single cell VRFB with 4
em? active area and interdigitated flow field were assembled with bi-
polar plates made of sample EC-FC-3 and the graphite (Carbotech 2231)
as a reference sample. The setup included Nafion 117 membrane, 4
sheets of heat-treated carbon paper Sigracet SGL 39AA electrodes, 1.5 M
vanadium electrolyte in 2.5 M H,SO4 was pumped with flow rate of 60
mL/min. The electrolyte was prepared via preliminary electrolysis of
VOSO4 under constant current (400 mA) and further constant voltage
regimes (1.7 V) with charge control to obtain V(III) solution. Polariza-
tion data at 50 % State of Charge (SoC) were collected by sequentially
the change of the applied current with opposite polarities every 30 s
with growing amplitude and 0.2 V and 1.7 V cutoffs. The electrolyte
permeability of both materials was investigated before the test by a
homemade test system that supplied the electrolyte under pressure of 3

Carbon-filled
composite

Elastomeric
compound

Graphite \ ]
Carbon (5 Carbon
black fibers

mixing

vulcanization
carbonization

Fig. 1. Scheme of fabrication process (a); bipolar plate fabricated by using EC-
FC-3 sample (b); VRFB prototype (c).
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atm onto the plate. No leaks were detected.
3. Results and discussion

The main properties and composition of the samples are presented in
Table 1. Composites consisted of hybrid carbon fillers with different
dimensions such as graphite, carbon black, and carbon fiber. A structure
of percolating clusters in random clustered networks was formed by
fillers, as presented in Fig. la. The total content of zero-dimensional
fillers (graphite, carbon black) was 75 wt. %, one- dimensional carbon
fiber ratio was 0, 6.25 wt. % and 12.25 wt. % for EC-FC-1, EC-FC-2, and
EC-FC-3 samples, respectively. The gradual decay of conductivity with
the growth of carbon fiber content was observed, which was related to
the porosity increase and the appearance of less conductive new in-
terfaces. However, the addition of carbon fibers significantly improved
the mechanical properties of the material by enhancing the crack
resistance and improving its milling stability.

The microstructure of carbonized elastomeric composited was ho-
mogenous with uniformly distributed fillers (Fig. 2). The average size of
carbon flakes varied between 200—300 pm. The length of carbon fibers
(Fig. 2 b, c) was about 150—300 pm that drastically decreased during the
mixing stage due to the brittle nature of carbon. Although the porosity of
the samples seemed to increase with the filler introduction, its perme-
ability was undetectable, and therefore the porosity had a closed type.
Besides, voids appearance can be explained by the changing from brittle
fracture to ductile fracture mechanism in the presence of carbon fibers
that led to revealing tracks.

The stress-strain compressive diagrams of carbonized composites
demonstrated linear behavior for up to 75—80 MPa (Fig. 3a). The elastic
modulus was calculated by applying 50 MPa load (Fig. 3b). Deformation
limit during fracture was 0.8 %, which was higher than a typical value
for graphite. The ultimate compressive strength and the elastic modulus
of the proposed materials were 25 % higher than for graphite. The
hardiest sample EC-FC-3 was selected for the further test as the typical
load on a bipolar plate is compression in a flow battery.

Additionally, the electrochemical stability test was performed to
prove the suitability of the designed materials in the harsh conditions in
the VRFB. The standard test of soaking the samples in the oxidative
environment (Vanadium (V) in acid media) under 40 °C to accelerate the
degradation process. No changes in mass were detected after one month
of edging. However, a gradual decrease in V(V) concentration was
observed with 90 % remained V(V) concentration after the test (Fig. 4).
That was attributed to the partial surface oxidation of material as 0.7
mass% of the sample was involved in the reaction (calculation was based
on the molar ratio).

Finally, the material EC-FC-3 was tested in the VRFB prototype and
compared with the standard reference graphite sample (Fig. 1b, 1c).
Polarization curves at 50 % SoC were measured as the average repre-
sentation of the system (Fig. 5). Cell resistances extracted from the data
as a slope of the current density vs. potential at low current densities
were 0.20 Q/cm? and 0.17 Q/cm? for EC-FC-3 and the graphite,

Table 1
Transport and mechanical properties of investigated composite samples with
their designations and typical graphite for RFB bipolar plates.

Sample EC-FC-1 EC-FC-2 EC-FC-3 Graphite
reference
Density, g/cm® 1.71 £ 1.60 £ 1.55 + 184 + 0.01
0.01 0.01 0.01
Carbon fiber, Wt. % of 0 6.25 12.25 0
Electrical conductivity, 7.93 + 7.52 + 6.13 + 93.4 +1.87
S/cm 0.16 0.16 0.12
Elastic modulus, MPa 14.51 + 13.7 £ 15.54 + 11.8 +£ 0.3
0.47 0.29 0.39
Ultimate compressive 94.8 + 94.6 + 104.2 + 745+ 7
strength, MPa 4.3 9.5 9.8
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Fig. 2. SEM images of fabricated bipolar plates fractured with liquid nitrogen: EC-FC-1 (a), EC-FC-2 (b), EC-FC-3 (c).
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Fig. 3. Stress-strain compressive diagrams for ultimate compressive strength
test (a) and for elastic modulus independent test (b).

respectively. Under fixed SoC, the same set of materials obtained dif-
ference in the cell resistances corresponded to the less effective contact
resistance between the electrodes and studied bipolar plate material.
This comparison gives indirect estimation of the contact resistance,
which was a bit higher in case of new material, but sufficient enough to
test the cell under standard current densities region up to 200 mA/cm?>.
However, the difference for EC-FC-3 and reference graphite samples is
negligible for the current range 50—150 mA/cm? that is typically used in
commercial VRFB. The same tendency referred to the power density
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Fig. 4. Stability study of the samples in V(V) solution for one month. The
change of V(V) concentration corresponded to the degradation rate; inserted
UV-vis spectra — the examples of raw data.
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Fig. 5. Potential and power density as a function of current density for VRFB at
50 % SoC with bipolar plates made of EC-FC-3 composite and standard graphite
as a reference.

profiles: the power for both cells matched at initial current densities.
Significant degradation of the characteristics at high current densities
associated with the insufficient conductivity of the sample.
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4. Conclusion

Developed materials had a uniform morphology, elusive perme-
ability, excellent mechanical properties, and high enough conductivity
(up to 7.9 S/cm) to be suitable for the flow battery applications at
current densities used in commercial VRFB, which are up to 150 mA/
cm?. Therefore, the formability of elastomers before the carbonization
stage makes the composites attractive for large scale production of bi-
polar plates with complicated flow field architecture.
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Summary

Renewable energy in recent years plays an increasingly important role in the
energy industry. Therefore, the problem of inventing efficient and affordable
energy storage devices is of current importance. Vanadium redox flow battery
stands out between a wide range of various chemical sources of electric energy.
Discovering the way for optimizing the price of energy storage is one of the most
important questions of the mentioned battery. New graphite-polymer composite
materials study shows that they may become a replacement for commonly used
brittle graphite. The current article presents the study of graphite foil (or flexible
graphite) filling with a copolymer of tetrafluoroethylene and vinylidene fluoride
F-42 properties. The article uses an implementation approach of putting the fluo-
ropolymer into the pores of graphite foil, which shows a slight decrease in electri-
cal conductivity, while a significant increase in its electrochemical stability in
comparison with untreated graphite foil. Testing results of such material as cur-
rent collectors (or bipolar plates) in a single membrane-electrode assembly of
vanadium redox flow battery cell show peak value of discharge power density of
843 mW/cm?, energy efficiency of 78%-79% during cycling at 200 mA/cm? all-
owing us to assume the possibility of its successful application in redox flow bat-
tery stacks.
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1 | INTRODUCTION

Demand for long-term energy storage devices is growing
for applications in alternative energy and power grid
technologies. Among stationary electrochemical devices,
redox flow batteries (RFBs) are considered to be promis-
ing systems with independent scaling of the capacity and
discharge power." Such systems employ two “electrolyte
tanks” and electrochemical cell “stack,” where the
charge/discharge reactions occur. The construction fea-
tures and characteristics of the materials used in the cells
“stack” determine the efficiency of the system. The most
studied RFBs with vanadium electrolyte have reached a
sufficient level of development, energy storage devices
based on RFBs of various capacities and power are avail-
able in the marketplace.?

One of the key elements of RFB stacks is current col-
lectors, in other words, bipolar plates (BP). BPs provide
electrical contact of individual cells (membrane electrode
assemblies, called MEA) in the stack and with an exter-
nal circuit, separate the electrode spaces of the unit cells
in the stack, ensure uniform distribution of electrolyte in
the electrode region and heat distribution in the stack.
Thereby materials for BP fabrication should possess high
electrical conductivity, good mechanical and electro-
chemical stability, and high corrosion resistivity.® It is
worth noting that 19%-28% RFB price comes to BPs, thus
its production ought to be economically feasible.*

Materials for the manufacturing of BP can be divided
into three types: (a) highly filled graphite materials;
(b) carbon-polymer composites; (c) metals and alloys.’
The first two groups differ from others with electrochemi-
cal stability and are often used for RFB applications.®

Carbon-polymer materials appear to be the most
promising group for manufacturing affordable and effi-
cient BPs, in contrast to graphite materials.> Indeed, a
combination of a carbon-based conductive filler and inert
polymer as binder results in good electrical conductivity,
compactness, and soft mechanical processing. Graphite
and its modified types, including expanded graphite,’
synthetic anisotropic graphite,® mineral graphite,®'°
compressed expanded graphite,"'* graphite and
graphene mixture,'® graphite foil,'"* carbon in different
forms, such as carbon nanotubes,® carbon fabric,'>° car-
bon and carbon fibers mixture,'” are used in the capacity
of carbon-containing raw material. Thermoplastics poly-
mers (polyvinylidene fluoride,'® polypropylene,”'*° etc.)
and thermosets (epoxy,"'? phenolic,” and other resins)
were applied as a binder. Such composites can be pre-
pared by injection molding, compression molding, hot-
compression of different layers, soft-layer method, poly-
mer solution (or melt) impregnation with hot compres-
sion, etc. Available on the market materials own a

standard shape, not high mechanical properties for
prototyping and high price. The study of new material for
BPs is still an actual question. Earlier our group proposed
a new concept of fast-prototyping of RFB MEA individual
cells*** or stacks®® utilizing a series of laser-cut graphite
foil (GF) sheets. BPs made of GF with laser-cut channels
allow fasting prototyping RFB with various flow field
designs to optimize battery efficiency. However, the issue
of residual porosity has not been solved, which led to
gradual decay in the capacity due to the absorption of
electrolyte into the pores of the GF.**

In this paper, we proposed an approach to improving
the properties of BP made out of GF. We demonstrate a
significant improvement of its electrochemical stability
without a decline of RFB performance by impregnation
of fluorinated polymer into the pores of GF followed by
hot-pressing. The article proposes the method of impreg-
nation and presents the investigation of morphology,
electrical conductivity, electrochemical stability, and per-
formance of bipolar plates.

2 | EXPERIMENTAL

2.1 | Chemicals

Graphite foil (GF) “Graflex” (GC Unichimtek, Moscow,
Russia) is made from purified flake graphite by special
chemical and heat treatment followed by rolling without
binder.>® Graflex graphite foil with a thickness of 1 mm
(Unihimtek, Russia), graphite Carbotech 2231, and
graphite-polymer composite (Liaoning Grepalofu New
Energy Co., Ltd.) were used as carbon-based bipolar
plates. Fluoropolymer F-42 (Ftoroplast-42, HaloPolymer,
Russia; GOST 25428-82) and acetone (Sigmatech, Russia)
were used for impregnation of GF. Proton-exchange
membrane GP-IEM-103 (Liaoning Grepalofu New
Energy Co., Ltd.) was pretreated before the use by
sequential change of the solutions: (a) boiling in water
for one hour; (b) boiling in a 3%-solution of hydrogen
peroxide (97%, Reachim, Russia); and (c) boiling in 2 M
sulfuric acid 97% (Sigmatech, Russia). Carbon felt
(Sigracell GFD 4.6 EA, SGL group, Germany) was used as
electrodes in a single vanadium RFB. VOSO,4-3H,0 (97%,
Reachim, Russia) and sulfuric acid are utilized as electro-
lyte precursors.

2.2 | Fabrication of BPs

A series of 1 mm thick graphite foils with different con-
tent of F-42 polymer were fabricated. First, impregnation
of fluoropolymer was performed by filling the full
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vacuum vial with GF samples with acetone solution F-42
(Figure S1). When the grains are filled with the solution,
the pressure is gradually equalized to atmospheric level.
After this procedure the samples are hold in solution for
specified time. The upper level of concentration for satu-
ration is limited by polymer solution viscosity, lower level
- by insignificance of expected effect in case of full grains
saturation. The samples were taken out of the solution
after exposure time and left for 12 hours at room temper-
ature to remove the solvent from the GF pores. Second,
obtained samples undergo hot pressing at 165°C under
the load of 280 kg/cm? for 1 minute. Laser-cutting pro-
cess gives a required shape to samples (Figure S2). To
characterize the degree of impregnation the difference in
weight of untreated and impregnated GF was measured.
The density difference was taken as a measure of the vol-
ume of GF potentially filled by the component intro-
duced by impregnation (GF was considered as a carbon
substrate with graphite density and pores, filled with the
solution of the component):

AMypax = MoWsolPso1 (pEIIT _pal) (1)

where Amy,, is the maximum possible mass gain for
account of polymer [g]; mo is the sample mass before
impregnation [g]; pgp is the density of GF [g/cm?]; p; is
the density of mineral graphite [g/cm’]; p,,, is the density
of the impregnating solution F-42 [g/cm’]; and wy, is the
mass fraction of F-42 in solution [% wt.].

2.3 | Electrical resistivity measurement
In-plane electrical resistivity was measured by the four-
point technique (Figure S3). The sample was tightly
pressed in a rectangle device with four copper electric
contacts, located at the same distance relative to each
other, and an insulating gasket covered the sample top
for pressing. The current value from 1 to 100 mA was
passed through the cell, and the voltage between the
internal contacts of the device was measured. The resis-
tance of the cell was determined from the voltage-current
slope dependence.

In-plane resistivity was calculated from Equation (2):

h
0
Rip.=Rip -w-7

(2)

where R; p. is the in-plane electrical resistivity [©-m]; Rgp
is the resistivity of the sample [Q]; w is the sample width
[m]; A is the sample height [m]; and [ is the length
between the contacts of the measuring cell [m].

oS WILEY-L =

Through-plane electrical resistivity was measured in a
homemade setup with a 4 cm? active area (Figure S3).
The device was placed between the press plates with the
sample pressed in the Teflon gasket. Then the voltage
was measured during a linear sweep of the current from
1 to 100 mA with various values of compression—f{rom
2.5 to 25 kg/cm?. Resistivity was determined based on the
obtained series of voltage dependence of current.
The obtained load dependence of resistivity was extrapo-
lated to obtain resistance at zero load. The target resis-
tance of the sample was obtained by subtraction of the
empty cell resistance from the total one. Through-plane
resistivity was calculated from Equation (3):

Rt~P~ = (R?.p. _R;.p) A (3)

where R; . is the sample through-plane electrical resistiv-
ity [Q-cm®]; R?.p. is the resistivity of the sample [Q]; R; ,
is the resistivity of the empty cell [Q]; and A is the area of
the sample [cm?].

2.4 | The surface morphology of the
graphite foils

The microscopic studies of the surface morphology were
conducted with a Vega 3 Tescan equipped with an EDX.
The degree of degradation after electrochemical experi-
ments was evaluated by microphotographs obtained by a
metallographic microscope Micromed MET with the
camera UCMOS 14000 KPA.

2.5 | Electrochemical potential window

A specially designed three-electrode cell was used for
electrochemical stability tests (Figure S4). The studied
sample was used as a working electrode, which was
pressed against the flange connection with known area
using a connecting plate and screws; a silver chloride ref-
erence electrode (KCI sat.), and a platinum foil counter
electrode were used in a solution of 1 M H,SO,. The
working range of potentials for the electrochemical
potential window was determined as follows. Cyclic
voltammetry (CV) data at a scan rate of 25 mV/s was
measured till the positive or negative current values
exceeded 2 mA/cm? (besides the capacitive current). This
value of current was chosen according to the following
argumentation. The distribution of electrolytes between
an individual cell in the RFB stack is carried out using
common electrolyte lines. In addition to the electrical
contact of individual cells through bipolar plates, an ionic
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contact of electrolytes of neighboring cells is also created.
As a result, shunt currents—current leaks occur in the
process of charging or discharging the RFB along
the paths of these ionic contacts. Shunting currents in
Vanadium redox flow battery (VRFB) stacks not only
reduce the battery efficiency but also cause electrochemi-
cal degradation, especially for the bipolar plate.*>*” The
value of shunting currents is in the order of one to a
tenth of mA/cm?, and it is dictated by geometrical pro-
files of channels for electrolyte distribution and electro-
lytes conductivity.?**” The selection of optimal channel
configuration can mitigate this problem, resulting in the
maximum shunt current value of 2 mA cm?® or less.”®
Therefore, the same current density was chosen as a cut-
off for the determination of electrochemical window sta-
bility. Thus, the potential range at which the oxygen and
hydrogen evolution currents were 2mA/cm® was
extracted. Then, the CV data in the selected potential
range was recorded again and taken as the initial ones
before the accelerated aging tests.

2.6 | Electrochemical aging test

The sample was inserted into the three-electrode cell as
discussed above. Sample was polarized under current
density of 2mA/cm?® (or —2 mA/cm?) for 10 minutes
under constant stirring. CV was recorded during the test
every 10 minutes to deduce the capacitance change (mag-
netic stirrer was turned off). The values of current
corresponding to the potential 0.5V vs Ag/AgCl (sat.)
were derived from the CV data in the forward and reverse
scans. The capacity of the sample was determined
according to Equation (4):

1

C=-"
v

4)

where Im:% is the a mean value of cathodic and

anodic current at 0.5V vs Ag/AgCl (sat.) [A] and V is the
scan rate [V/s].

Then the described sequence of actions was repeated
several times. After performing these tests, the surface of
the material was analyzed using a metallographic
microscope.

2.7 | Testing the modified GFs in
vanadium RFB as bipolar plates

The single-cells of vanadium RFB based on GP-IEM-103
proton-exchange membrane were assembled with differ-
ent bipolar plate materials: graphite/polymer composite,

untreated GF, and GF modified with F-42 (Figure 1). The
active geometric area of the electrodes was 4 cm?® with
flow-through configuration, and a 30% degree of com-
pression for the carbon felt electrodes was used. Vana-
dium electrolyte contained 1 M VOSO, with 4 M H,SO,.
The generation of V>' anolyte solution was performed
electrochemically by complete electrolysis of the initial
solutions with a volume ratio of 1:2. Half of the catholyte
electrolyte was removed from the tank at the end of the
electrolysis, thus obtaining a fully charged RFB cell.
Catholyte and anolyte were 30 mL volume each. The flow
rate of the electrolyte was 100 mL/min.

Polarization curves. Alternating values of the charge/
discharge current density was superimposed for the cell
with fixed time intervals to register the polarization data
under 50% State of Charge (SoC) in the step mode. The
duration of each galvanostatic stage of polarization was
30 seconds. The maximum charge current Icpqrge Was lim-
ited with 125mA/cm?® Levelized value on the voltage
dependence on time was used as the cell voltage for a
given I. The power dependence on current density was
constructed according to the received polarization curve.
Additionally, the impedance spectra were recorded for
the 100% and 50% SoC in the frequency range of
50-0.1 kHz with a voltage amplitude of 20 mV.

Cycling was carried out at the current densities of
200, 150, or 100 mA/cm? for six times with the voltage
cutoffs of 0.8-1.7 V. Then, a cell was adjusted to 50% SoC
in the potentiostatic mode to get the impedance spectra
after the cycling.

FIGURE 1

Scheme of RFB in the disassembled (centered) and
assembled (bottom right) and scheme of VRFB (top left): 1 - proton-
exchange membrane; 2 - carbon felt electrodes; 3 - electrode

gaskets; 4, 6 - current collector's plates made of graphite materials
(test samples); 5 - copper foil contacts; 7 - sealing gaskets; 8 - metal
end plates with fittings; 9 - insulating washers; 10 - insulating
sleeves; 11 - bolts; 12 - nuts [Colour figure can be viewed at
wileyonlinelibrary.com]
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3 | RESULTS AND DISCUSSIONS
3.1 | Impregnation of GF with F-42
solutions

Graphite foil has a twice lower density than crystalline
graphite (Table S5); hence, the excess volume must be
filled by a polymer. The fluoropolymer F-42 was chosen as
a polymer pores filler because it has excellent stability in
concentrated acidic, alkaline, and oxidizing solutions. The
main characteristics of F-42 fluoropolymer are given in
Table S6. Accumulation of the filler inside the pores was
investigated for three polymer solution concentrations
(Figure 2). 5% polymer solution penetrated the pores of
the GF faster than 10% and 15% solutions. Exposure for
100 hours led to at least 70% of the pore volume of the GF
filled, while for more viscous solutions with an F-42 con-
centration of 10% and 15% reached only 30%-40% of the
whole volume. Nevertheless, the absolute mass gain turns
out to be noticeably higher when using the solution with
the highest polymer content. In this evidence, the impreg-
nation of the following samples was carried out with a
15% solution of the polymer in acetone during 80 hours
and all subsequent measurements were carried out on
samples GF impregnated with 1.8% wt. F-42.

3.2 | In-plane and through-plane
resistivity of impregnated GFs

Polymer impregnation does not affect the transport prop-
erties of the samples, as the basic graphitic structure
remains the same. No significant increases in the in-
plane (a) and through-plane (b) electrical resistivity were
detected depending on the F-42 content (Figure S7). In-
plane and through-plane resistivity of impregnated GFs
changed insignificantly at the level of (2.4 +0.1)
107° Q-m and (2.7 + 1.3)-10"° Q-m? respectively. In com-
parison, the commercial graphite-polymer composite has

o WILEY-L =

the in-plane resistivity of 8.0-10 > Q-m, and through-
plane resistivity equal to 0.5-10> Q-m? The in-plane
resistivity of untreated GF equals to (2.4 + 0.1)-10 > Q-m,
and it's through-plane resistivity equals to (2.5 + 1.9)-
10> Q-m? Therefore, the reported material obtains less
pronounced anisotropy in transport properties and com-
parable values of resistivity.

3.3 | Morphology of graphite foil filled
with fluoropolymer

Microphotographs of the commercial graphite-polymer
composite, untreated GF, and GF modified with F-42
fluoropolymer are presented in Figure 3. A disordered
distribution of graphite flakes in a commercial graphite/
polymer composite showed a rough surface. At the same
time, an untreated GF had a flat, dense surface layer of
graphite foil formed by hot pressing of thermally
expanded graphite powder. The expanded graphite flakes
at the surface layer of the GF are mainly oriented. Even
the surface layer of GF has a higher density than the
inner layer due to the technological peculiarities; its
porosity remains high enough for an effective polymer
impregnation. The applied impregnation procedure and
subsequent sample processing allow achieving a suffi-
ciently high polymer content (~8% of the mass of fluo-
rine, see Figure S8), while its distribution over the
surface is uniform (Figure S9). The morphology of
the sample did not change noticeably.

3.4 | Determination of electrochemical
potential window

We studied materials stability by cyclic voltammetry in
acid solution in a standard three-electrode cell (Figures 4
and S4). As graphite (line 1) and GF (line 3) samples
have a similar structure, their electrochemical window
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FIGURE 3

Current density, mA/cm?
(e

1
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Potential, V vs. Ag/AgCI(KCl sat.)

FIGURE 4 Cyclic voltammetry with scan rate 25 mV/sin 1 M
H,S0O, using studied samples as working electrodes: 1 - untreated
graphite, 2 - graphite/polymer composite, 3 - untreated GF, and 4 -
GF + F-42 (1.8%) [Colour figure can be viewed at
wileyonlinelibrary.com]

stability almost matched and was —0.89-1.68 V vs Ag/AgCl
sat. for graphite and —0.87-1.68 V vs Ag/AgCl sat. for GF.*
The graphite sample (line 1) had twice lower double-layer
capacitance than the graphite foil (8.1 mF and 19.4 mF,
respectively).** Moreover, graphite-polymer composite (line
2) showed a much lower double-layer capacitance of 1.1
mF and had a broader stability window from —0.98 to
1.73 V vs Ag/AgCl sat. Sample of GF modified with poly-
mer (line 4) shifted hydrogen evolution reaction to
—1.06 V vs Ag/AgCl sat., while the positive onset of the
current remained around 1.73 V vs Ag/AgCl sat. Further
increase of the potential gave rise to quasi-reversible reac-
tion with reduction peak at 1.56 V vs Ag/AgCl sat. Among
all samples, the F-42 modified GF (line 4) showed the low-
est capacity: its capacity was 2.33 times lower than
the capacity of the graphite-polymer composite (line 2).
Therefore, it provided a significant increase in the

Surfaces of A, graphite composite, B, untreated GF, and C, GF impregnated with 1.8% wt. F-42

electrochemical stability window, which was from —1.07 to
1.839 V; thus, the proposed material had improved electro-
chemical window stability comparing with commercial
samples.

3.5 | Electrochemical aging in
galvanostatic mode

We selected a current density of 2 mA/cm? for acceler-
ated stability tests as this value matches shunting cur-
rents in stacks. Positive and negative currents were
applied for one hour to imitate charge and discharge con-
ditions in VRFB. The gradual growth of sample capaci-
tance was observed during the test (Figure 5).

Oxidation under positive current (Figure 5A) revealed
a drastic increase of capacitance for graphite and pure GF
samples, while a lesser effect was observed for graphite/
polymer composite and modified GF. The rough surface of
graphite and composite did not change significantly at the
microscale level during the test, while the flat surface of
the GF underwent decomposition with sufficient morphol-
ogy change (Figure S10). However, modification of GF
allowed reducing the degradation rate twice. Such a dras-
tic effect on morphology was attributed to the partial
detachment of the surface graphite flakes, which degraded
faster due to charge accumulation. A similar tendency was
observed for the negative current (Figure 5b): the GF was
unstable under these conditions, and modification notice-
ably stabilized it. The overall intensity of the capacitance
change was gradually slower comparing with the positive
current, which oxidizes and decomposes carbon.*!

3.6 | Sample testing of various graphite
materials in a single cell VRFB

The suitability of the designed material for bipolar plates
was proved in a single cell vanadium RFB. Three cells
were assembled with different bipolar plates made of
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materials, while for natural graphite this value is about
0.6 m?%/ g30), one can assume that the value of the contact
resistivity of the GF/porous electrode is slightly less than
that for the graphite/electrode contact. As a result, the
ohmic resistivity of the cell on the GF was reduced com-
pared to the assembly on the graphite material (Table 1),
which led to an increase in the specific power of the RFB
from 780 to 860 mW/cm?. Although the total ohmic resis-
tivity of the RFB assembly with impregnated bipolar
plates was slightly higher than other assemblies in the
series, the cell demonstrated a high discharge power den-
sity of 843 mW/cm?, which was significantly higher than
the power of the assembly on a commercial graphite/
polymer composite.

Comparison of the charge-discharge curves for the
three studied RFB assemblies at a current density of
200 mA/cm? showed 4.7% higher capacity utilization for
GF-based cells, comparing to the graphite-polymer com-
posite (83.1% and 79.4%, respectively) (Figure 7A). It
demonstrated the influence of total ohmic cell resistance
on RFB performance: GF-based cells had slightly less
resistance than the one of the graphite/polymer cell
(0.107 vs 0.111 Q). The use of bipolar plates impregnated

for the RFB cells with different bipolar plates [Colour figure can be
viewed at wileyonlinelibrary.com]|

with F-42 (1.8 wt%) slightly increased the total ohmic
resistance of the RFB cell compared to the cell on the GF
(0.115 vs 0.107 ), resulting in 82.1% of the electrolyte
utilization.

The cycling performance of three investigated cells at
different current densities is presented in Figure 7B. The
values of the voltaic efficiency for the assembly on graph-
ite/polymer composite range from 80% to 90%, while this
value ranged from 84% to 92% for the cell with untreated
GF, which may be due to the lower ohmic resistivity of
the cell with GF. However, the coulombic efficiencies for
all cells decreased when moving from higher to lower
current densities. This effect can be explained by increas-
ing the cycle time at lower current rates, and since the
accelerated cycling was carried out sequentially, the
degree of imbalance of the electrolytes becomes more
pronounced in the transition to subsequent current den-
sities. The coulombic efficiency values for the assembly
with GF are less than for the assembly on graphite/
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TABLE 1 Cell characteristics during polarization and cycling
Untreated GF Impregnated GF by F-42 Graphite-polymer composite
Peak current density, A/cm? 1.2 1.2 1.15
Peak power density, mw/cm? 862 843 776
Cell resistance from polarization curve, £2 0.148 0.151 0.164
High-frequency cell resistance at 100% SoC before 0.114 0.120 0.118
cycling, ©
High-frequency cell resistance at 50% SoC before 0.107 0.115 0.11
cycling, Q
High-frequency cell resistance at 50% SoC after 0.112 0.120 0.112

cycling, Q

polymer composite: from 88% to 95% for GF compared to
90% to 96% for graphite/polymer composite due to a
greater degree of electrolyte utilization. In addition, the
electrolyte volume can be permanently lost due to the
absorption into the pores of the GF. Despite the low
values of the coulombic efficiency of the GF-based cells,
the energy efficiencies were higher than that of the
graphite/polymer composite assembly (79%-81% vs 76%-
80%). Due to the increase in the ohmic resistivity of the
cell with bipolar plates modified by F-42, in comparison
with the resistivity of the cell on the untreated GF, the
coulombic efficiency decreased slightly in comparison
with the GF (no more than 1%). The values of the voltaic
efficiency also decreased slightly, but they are still signifi-
cantly higher than the voltaic efficiency of the graphite/
polymer cell (higher by 2%-3%). As a result, energy effi-
ciency values ranging from 78.3% to 79.4% were obtained.

4 | CONCLUSIONS

In this work, the possibility of creating an electrochemi-
cally stable material based on an available and easy-to-
process graphite foil was demonstrated. The electrical
conductivity characteristics after the impregnation of the

GF with a fluoropolymer following by pressing the mate-
rial during hot pressing decreased insignificantly com-
pared to the compacted untreated GF. This factor is the
main advantage of this graphite-polymer composites pro-
duction method.

Modification of the GF by fluoropolymers was
allowed to significantly increase the most important char-
acteristic of the materials for RFB bipolar plates and
extending by 12.6% electrochemical potential window
comparing with the untreated GF. A significant increase
of electrochemical potential window due to the compac-
tion of the pores of the GF fluoropolymers also made it
possible to significantly increase the electrochemical sta-
bility of such material under conditions simulating the
effect of shunt currents occurring in the RFB stacks.

Unique morphology of the proposed material results
in the lower contact resistance of the GF/electrode in
comparison with the graphite/electrode contact due to
the significant difference in the surface areas of these
materials. In this paper, bipolar plates made of GF modi-
fied with F-42 were tested in a single cell of vanadium
RFB in comparison with samples of untreated GF and
commercial graphite/polymer composite. It was demon-
strated that the method of volumetric filling of the GF
pores allows maintaining a low value of the contact
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resistance of the bipolar plate, which affects the power
density of the RFB cell. The power density of
fluoropolymer-modified GF cell only slightly decreased
compared to the cell on the untreated GF (843 vs
862 mW/cm?), but this value was still significantly higher
than the power density of the battery on commercial
graphite/polymer composite (843 vs 776 mW/cm?). The
cell demonstrated a high energy efficiency values of
78.3%-79.4% during cycling at 200 mA/cm? which is
slightly higher than the results obtained on the cell with
a commercial graphite/polymer composite -76.3%-77.6%
(under 200 mA/cm?), while the electrolyte utilization in
the first case is about 2.7% higher.

High energy efficiency and power density of the cell
based on the modified GF, combined with its improved
electrochemical stability allowing us to conclude that
such material can be successfully used as the bipolar
plates in vanadium RFB.
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3.4 Conclusions from the Chapter 3

Two materials were examined as bipolar plates in vanadium RFB. A set of special
techniques was proposed for studying the stability issues of materials. Specially developed
AST in vanadium (V) solution was used for the chemical stability assessment of materials.
Additionally, ECSA determination measurements were adopted for the electrochemical
stability tests as ECSA represents the area accessible to the solution due to open pores.
Both methods derive their unique characteristic values for the stability assessment, which
can be used to compare different materials. The samples of commercial bipolar plate
materials were tested in the same conditions as a reference. As a result, materials were

comprehensively analyzed before the RFB testing.

The papers proposed two different methods for creating the impermeable well-
conducting material. A comparison of two technologies revealed that reduction of porosity
for well-conducting material is a better strategy than carbonization of amorphous materials
with carbon fillers as conductive additives. The requirement for high conductivity is crucial
as insufficient conductivity leads to high contact resistance between electrodes and current

collectors, and, hence, to poor battery performance.

Based on materials tests we can select the following nominal parameters for the
bipolar plate materials. The methods are listed in the importance and time costs order. The
consistent selection of materials according to the list of requirements will allow rapid
screening and optimization of materials: 1) electric conductivity > 200 S cm’; 2)

capacitance derived from CV test < 10 mF cm; 3) elastic modulus > 13 MPa and an
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ultimate compressive strength > 9 MPa; 4) potential window is broader than operation RFB

voltage cutoffs; 5) chemical stability test in V°>* with degradation rate < 0.25 % per day.
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Chapter 4. Suspensions investigation as redox-active compounds for RFB

4.1 Overview of the Chapter 4

Despite unlimited opportunities in organic redox molecule design, highly
concentrated solutions usually rapidly degrade and have high viscosities. Immobilization
of organic molecules in the solid matrix was recognized as one of the approaches to
overcome this limitation. The second approach, called solid-booster, implies the addition
of solid particles able to store the energy with the same potential as soluble species
(mediators). Overall, these materials are nanoparticles in aqueous media, for which redox
reaction is going either as a spontaneous collision with an electrode in the cell or reacts as
a homogeneous reaction without the electrode surface in the tank. Theoretical volumetric
capacity of such systems significantly exceeds standard values of soluble species.
However, both cases require understating of limiting reaction stages for further system
development. Here, we propose several methods for sensing electrochemical responses for
such systems. We studied two materials, related to different approaches, and elucidated a

similar pattern related to the problem of incomplete capacity utilization.

Firstly, we investigated the electrochemical properties of the material made of
polymers mixture with redox-active groups in the form of sub-micron size globules.

TEMPO molecules were used as a redox-active center.

Secondly, we studied the delithiation reaction of LiMn,O4 as a model material for
solid boosters. We used a single particle collision experiment to sense the behavior of

suspension without constant contact with the electrode.
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As a result, we determine the maximum capacity utilization for each material and
proposed that low local conductivity causes localization of redox reaction on part of the
particle, which is close to the electrode. Therefore, to maximize the capacity for such a

class of redox-active species tuning electric conductivity is needed.
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ABSTRACT: The search for new environmental-friendly materials for energy storage is
ongoing. In the presented paper, we propose polymer microgels as a new class of redox-active

ﬁe TEMPO

colloids (RACs). The microgel stable colloids are perspective low-viscosity fluids for advanced :qg%Njag:z
flow batteries with high volumetric energy density. In this research, we describe the procedure = /-

for the anchoring of 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (4-amino-TEMPO) redox- I
active sites to the polymeric chains of water-soluble microgels based on poly(N- I\

isopropylacrylamide)—poly(acrylic acid) interpenetrating networks. Using cyclic voltammetry
and EPR spectroscopy, we show that ca. 14% of 4-amino-TEMPO groups retain electroactive
properties and demonstrate the reversible redox response. It allows achieving a stable capacity
of 2.5 mAh/g, enabling the low-viscous catholyte with a capacity of more than 100 mAh/L.

he scalability and cost-efficiency of redox flow batteries

mark them as an attractive choice for large stationary
energy storage systems. The trend of switching from typical
inorganic redox couples (e.g, vanadium- or zinc-based) to
advanced organic-based or hybrid semisolid ones is now
observed in the field.' ™ The interest in organic redox-active
molecules rapidly increases.” ® Using such species instead of
expensive and often toxic metal-based systems can enable the
development of cheaper, eco-friendly, and safe redox flow
systems.

Unfortunately, the involvement of low-molecular redox-
active components forces the use of expensive ion-exchange
membranes to prevent the battery self-discharge due to the
species crossover. High-molecular systems, ie., polymers,
nowadays draw increasing attention for energy storage
applications.”® Employment of polymers with anchored
redox-active groups”'’ in redox-flow batteries simplifies the
membrane’s requirements and enables using the dialysis
membranes with submicron- or even microsized pores. The
main drawback of such an approach is the polymeric solution’s
high viscosity, even at low concentrations. Macromolecular
aggregates, such as block copolymer micelles,""'* can tackle
the problem; however, their energy efliciency remains unclear.
The viologen-based RACs for flow batteries comprising redox-
active polymer spheres were also presented.'’ Moreover, most
of the reported systems were based on organic solvents, while
aqueous-based electrolytes would be preferable due to their
availability, stability, and high conductivity."*

Here, we suggest an approach combining the strength of
colloids, micelles, and linear redox-active polymers. We
propose using weakly cross-linked submicron-sized polymer
meshes, called microgels, schematically shown in Figure 1.
Such systems possess low viscosity typical for micellar or
colloidal solutions, while the concentration of redox-active

© 2020 American Chemical Society
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Figure 1. Structure of various redox-active systems. Orange drops
represent the redox-active sites, and black lines represent the polymer
main chains. Microgels simultaneously incorporate features from all
other systems: high volume concentration of redox-active groups,
solution stability, high molecular mass, and low viscosity.

groups can be as high as that for linear polymer-based systems.
The internal structure of a microgel can be represented as a
three-dimensional cross-linked polymeric swelled mesh. The
microgels form stable suspensions of the microparticles with a
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narrow particle size distribution and can undergo a
conformation change in response to the environmental
variation. The synthesis of microgels is relatively easy and
scalable.'>'¢

Very recently, the redox-active supramolecular microgels on
the base of poly(hydroquinone) were reported,'”'® although
electrochemical characterization was not done, and energy
storage application was not proposed for such objects yet. In
the present study, we characterize the electrochemical response
of redox-active microgels and prove the possibility of using the
4-amino-TEMPO-modified samples comprising poly-N-iso-
propylacrylamide and poly(acrylic acid) as active materials
for electrochemical energy storage.

Interpenetrating network (IPN) microgels were chosen as
polymeric carriers of redox-active TEMPO groups. Each IPN
microgel particle consisted of two interpenetrating networks—
the first network was based on poly-N-isopropylacrylamide
(PNIPAAm), and the second network was based on poly-
(acrylic acid) (PAA). The reasons for such an architecture
were the following. There is a robust procedure that allows
modification of PAA chains with TEMPO groups in aqueous
media;*"? thus, a microgel candidate should have a high
content of PAA (i). For convenience and easy reproduction on
a larger scale, microgels-carriers’” synthesis should proceed in
water and be governed by self-assembly mechanisms such as
precipitation polymerization, which means using PNIPAAm-
like components (ii). P(NIPA-AA) copolymer microgels could
be easily synthesized, but the achievable acrylic acid
concentration in these particles is relatively low—about 10—
15% of the total mass. At the same time, template-like
synthesis of the PAA network inside the PNIPAAm microgel
network—leading to the formation of IPN structure (see
Figure 2)—allows increasing the PAA content up to 30—
35%.”” Among other benefits of PNIPAAm-PAA IPN microgel
is the increased stability of colloid solution under different
conditions and thermoresponsive qualities, allowing for further
particle morphology adjustment.”" That said, for our research,
we decided to use PNIPAAm-PAA IPN microgels. The
detailed synthetic procedure and characterization methods
can be found in the Supporting Information. A single microgel
particle’s molecular weight could be roughly estimated as
100 M by combining static light scattering and calculation
based on the particle diameter and density.

For attaining redox properties, the PNIPAAm-PAA IPN
microgels were modified by 4-amino-TEMPO using an EDC-
mediated process (last panel in Figure 2). As a reference for
further electrochemical studies, linear PAA with two different
molecular weights (M, 400 X 10° and 3 X 10° Da) was
modified with TEMPO by the same protocol. The procedure
allowed us to anchor the amino groups of 4-amino-TEMPO to
carboxyl groups of PAA, forming amide groups (see the
Supporting Information for FTIR spectra, Figure S1, and

10562

commentary). The degree of substitution of PAA —OH groups
after modification with amino-TEMPO was evaluated by pH-
metric titration and found to be ca. 21%; see Figure S2 and the
commentary in the Supporting Information. The modification
of IPN microgel aqueous dispersions proceeded at room
temperature in the air; the solution pH was kept at 6 during
the whole process. After the dialysis, the resulting solution
appeared semitransparent with a yellowish hue, typical for
TEMPO-bearing moieties. The dispersion was found to be
stable for at least six months under standard conditions.

Dynamic light scattering studies of the obtained TEMPO-
IPN microgels showed the particles with a monodisperse size
distribution with a mean hydrodynamic radius Ry, equal to 270
nm, which was smaller than the mean R, of non-modified IPN
microgels (R, = 370 nm) measured under the same pH and
temperature conditions (T = 23 °C and pH S.5) (Figure 3a).
These results are supported by TEM microscopy; see Figure
S3. That signified the changes in the particle structure
attributed to the addition of TEMPO groups.
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Figure 3. (a) Hydrodynamic radius distribution and (b) dependence
of the hydrodynamic radius Ry, on temperature for IPN microgel and
TEMPO-IPN microgel in water (pH 5.5). The scattering angle is 90°.

The R;/Ry, value of pristine and TEMPO-modified microgels
was found to be 0.5 at room temperature, which corresponds
to the “soft sphere” structure with a denser core and a “fuzzy”
particle surface with weakly cross-linked or dangling polymer
chains.”" Tt should be noted that the modified IPN microgels
retained their thermosensitivity (Figure 3b), which could be
further used for the enhancement of the solution viscosity. The
R,/Ry, value was close to 0.78 (the theoretical values for a hard
sphere) at high temperature, indicating a dense structure due
to the collapse of the PNIPAAm subchains.

The concentration of active radicals in the samples was
estimated using electron paramagnetic resonance (EPR)
spectroscopy. The EPR spectra of TEMPO-modified PAA
polymers are shown in Figure 4a. They revealed a typical
motionally narrowed triplet indicating a fast oscillation (~10""
Hz) of radical groups in solution.”” The concentrations of the
active radical groups in both TEMPO-PAA polymers were
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Figure 4. EPR spectra of the TEMPO-modified PAA polymers and
IPN microgel at 293 K (a) and cyclic voltammograms of TEMPO-
modified linear PAA with M,, 400 X 10 (b) and 3 x 10° (c) Da.

found to be approximately the same: 2.1 X 107> M in PAA
with M,, 400 X 10° and 1.9 X 10~ M in PAA with M,, 3 X 105.

For the TEMPO-modified IPN microgel EPR spectrum
showed the presence of two different components. It should be
noted that the non-modified IPN microgels had no features in
the EPR spectrum, so we attributed the observed signals of the
modified samples to TEMPO groups. The first component is a
motionally narrowed triplet (the same as in TEMPO-PAA),
typical for fast oscillating radical groups. The second consists
of a broad unresolved line and can be assigned to the TEMPO
radicals located in the polymer region with restricted molecular
motion. A similar broadening of EPR spectra caused by the
motion restriction of the nitroxide radicals was observed, for
instance, in poly(N-isopropylacrylamide) gel and PAA
polymer.'”** Thereby, the EPR data pointed to the existence
of at least two different locations of TEMPO groups in IPN
microgel: inside the network structure and attached to loosely
cross-linked corona. Double integration of the spectrum
indicated that the concentration of free oscillating TEMPO
groups was approximately 6.3 X 107> M, while the total
concentration of TEMPO groups in IPN microgel was 1.2 X
107 M.

Cyclic voltammetry confirmed the redox activity of the
TEMPO-modified polymers and microgels, which were mixed
with carbon conductive additive and drop-casted onto the
glassy carbon electrode. Both TEMPO-modified linear PAA
polymers were found to be redox-active, showing a strong
oxidation peak at ca. 0.56 V vs Ag/AgCl (see Figure 4b,c) in
the first cycle. However, the cathodic current at the reverse
cycle was much lower than anodic revealing poor reversibility.

Further cycling led to the rapid peak current fade, especially for
a longer chain PAA. Such a drastic fade might be attributed to
the partial blocking of the interaction of oxoammonium cation
by near-sited acidic groups of linear PAA.**

In contrast, TEMPO-modified microgels demonstrated a
reversible response; however, the significant irreversible
oxidative current was registered during the first cycle. The
cyclic voltammogram of such a sample is plotted in Figure Sa.
Although the oxidation current in the first cycle was ca. 70%
higher, the voltamperometric response quickly stabilized and
demonstrated the reversible behavior for further cycles. The
gravimetric capacity estimated from the galvanostatic voltage
profiles was ca. 2.5 mA/g with the Coulombic efficiency over
90% (Figure Sb). The redox response stabilization might be
attributed to the microgel structure, which hindered PAA
molecular motion, preventing the recombination of the
oxoammonium cation and acidic group. Besides, the
pronounced capacitance for the samples detected at different
scan rates indicated the lack of electrical contact for the bulk of
the material, which is a typical problem for such systems.”
Further increase of capacity can be achieved by tuning the
microgel architecture with a conductive filler. Summarizing the
discussed findings, the immobilization of PAA inside the
microgels provided the stable redox response corresponding to
the activity of about 14% of the anchored 4-amino-TEMPO
groups (the total concentration was estimated as 1.2 mM by
EPR).

In addition to a stable electrochemical response, the
microgel sample demonstrated lower viscosity compared to
reference linear polymers, as can be expected. The viscosity
measurements, which were performed by measuring the quartz
crystal resonant frequency shift in the solutions, revealed that
1.2 cP solution could contain about 10 g/L of 400k PAA, 2.5
g/L of longer 3 M linear PAA, or about 40 g/L of cross-linked
spherical IPN microgel particles. Therefore, proposed materials
are potential candidates for the low-viscosity polymer catholyte
for aqueous flow batteries.

To summarize, we proposed a new class of RACs—redox-
active microgels—as a prospective candidate for the next
generation of flow batteries. For the first time, we modified the
PNIPAAm-PAA polymer microgel particles with redox-active
4-amino-TEMPO groups. The described synthetic approach
was easily scalable and undemanding. The developed microgels
showed the redox response at 0.56 V vs Ag/AgCl with 2.5
mAh/g capacity. In contrast to linear polymers modified with
4-amino-TEMPO groups, the synthesized microgels showed a
stable redox response in cyclic voltammetry experiments. It
was found that 14% of TEMPO sites from the total
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Figure S. Electrochemical characterization of redox-active TEMPO-IPN microgels. (a) Cyclic voltammogram with 10 mV/s scan rate. (b) Charge/
discharge profile at S0 mA/g current density. (c) Dependence of the specific capacity and Coulombic efficiency estimated from galvanostatic

cycling on the cycle number.
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concentration of the anchored redox-active groups contribute
to electrochemical reactions.

Further tuning of the material with conductive species can
significantly improve the capacity. Moreover, the proposed
redox-active microgels can form low-viscosity aqueous
solutions at even high concentrations. Thus, the proposed
material is a promising candidate for the advanced flow battery
electrolytes. Several other applications, such as redox mediators
and nanoreactor systems, might also benefit from using the
redox-active microgel particles. The redox response sensitivity
to pH, temperature, and other factors and testing the solutions
in redox-flow prototypes require further research and are out of
this short Letter’s scope.
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The application of traditional cathode materials for metal-ion batteries in suspensions is recognized as an
effective way of enhancing the volumetric energy density of flow batteries. These additives are called solid
boosters. We have studied the influence of conducting additives on the rate-limiting steps (i.e. ion or electron
transfer) for intercalating LiMn,O4 materials in suspensions. We analyzed the charge distribution and the
maximum current resulting from a single particle of LiMnyO4 colliding with an electrode (i.e. nano-impact
electrochemistry) and compared the results to studies with added carbon nanotubes in the water to ensure
fast mixed ion/electron transfer. LiMn,O4 nanoparticles 76 nm in size were synthesized via a solution com-
bustion method, then mixed with 30 wt% carbon nanotubes as a composite suspension. Electron transfer from
the LiMny04 particle to the electrode was found to be the critical factor affecting the response during the single-
particle collision. With an increase in the potential, the average charge observed for deintercalation from the
composite particles increased nonlinearly and reached 47 % deintercalation at 1.1 V vs. Ag/AgCl. At the same
time, only 5 % of lithium can be extracted from LiMnO4 particles when no carbon nanotube additive is present.
Therefore, the addition of a conductive component is essential for the effective investigation of intercalation

materials in suspensions and in nano-impact electrochemistry studies.

1. Introduction

Redox flow batteries (RFBs) represent a promising technology for
large-scale energy storage due to their independent power and capacity
scaling, and long lifetime [1]. However, the energy density of RFBs re-
mains a critical problem and requires large amounts of electrolyte to
achieve the required capacities [2]. This limitation results in a non-
scalable implementation for many organic redox molecules as the
maximum energy density of a classical RFB is limited by the solubility of
the active species [3]. To bypass these limitations, an innovative
approach was proposed by Wang’s group in 2013 [4]. Solid materials,
which were indirectly charged/discharged via a soluble redox mediator,
were used to store extra energy in tanks. In other words, the solid ma-
terials (or solid boosters) potentially enhance the volumetric capacity,
decreasing the required volume of expensive soluble organic compounds
[5,6].

Almost all proposed solid-booster materials are solids in which the
redox reaction is coupled with ion transfer (intercalation/

* Corresponding author.
E-mail address: nataliya.gvozdik@skoltech.ru (N.A. Gvozdik).
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deintercalation) [7]. The most popular are well-known cathode mate-
rials for metal-ion batteries, such as LiFePO,, Prussian blue, and
NagVa(POy4)s [5,6,8,9]. The intercalation process has been studied in
connection with battery applications, where the material particles are in
constant contact with a current collector and mixed with conductive
carbon additives [10,11]. At the same time, the processes of sponta-
neous reaction between the solid booster and the organic mediator in the
solution have not yet been investigated in detail. The electrochemical
behavior of independent particles which are not in constant contact with
the electrode surface is little understood [12]. One of the techniques
used to detect a single particle collision with a potentiostatted electrode
surface, known as nano-impact electrochemistry, makes it possible to
probe the electrochemical response of electroactive particles in sus-
pension [13]. There are several works demonstrating nano impacts on
intercalation materials, such as LiFePQg4, LiCoO, LiMn504, and Prussian
blue [14-17]. The experiments were conducted in an aqueous electro-
lyte, and the required overpotentials for starting deintercalation were
usually > 100 mV [14,16,18].
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More detailed investigations of the limiting step for the (de)inter-
calation process during collisions on TiO,, LiCoO2, and LiMny04 have
been carried out [19-21]. For the general case of metal-ion dein-
tercalation into an oxide-type matrix in aqueous media, the process in-
volves the following steps: (I) ion solid-state diffusion in the host lattice;
(II) adion formation; (III) ion transfer across the particle/electrolyte
interface; (IV) electron transfer across the particle/electrode interface;
(V) solvation of the ion at the electrode/electrolyte interface; and (VI)
ion diffusion in the electrolyte [11]. Stages II-V can be generalized
within the framework of Butler-Volmer kinetics, representing the
charge transfer mechanism as:

Li+ + [ ]hosl te < [Li]hosl (1)

Exponential behavior of nano-impact transients — overpotential
dependence would be expected on treating the reaction mechanism in
such a way. However, Butler—Volmer dependence of nano-impact re-
sponses was not observed for all materials studied. This suggests the
need to elucidate the limiting steps for nano impacts by treating each
reaction step individually. In particular, the transfer of ions across the
solid/solution interface and poor host electron conductivity have been
indicated as the limiting steps [19,21]. Additionally, no comparison of
different materials and composites has been performed within one paper
using the same experimental setup. We propose that the addition of
conducting additives can facilitate electron/ion transfer and enhance
the total charge extracted from particles while decreasing the required
overpotential. Since the transfer of Li* and an electron across the
interface are connected, the surface conductivity increase should lead to
an increase in current (and integrated charge passed). A more detailed
comparison of the shape of transients can give information on the nature
of the limiting step. During stage (I) of bulk diffusion, the current
attenuation will be proportional to ~ time 05 or In (i) will be propor-
tional to time according to Fick’s law, depending on a time constant
[22]. The slow stages (II, III, and V) will lead to current decay in pro-
portion to ~ time ! as for reactions taking place exclusively near the
surface, like surface-confined species [19]. The slow stage IV should
have the same trend as diffusion unless the surface conductivity in-
creases. This implies that the amount of deintercalated lithium ions is
determined by the number of electrons, due to the electroneutrality
principle.

In this paper, we synthesized nanoparticles of LiMny04 as a model of
the most conductive cathode material [23]. We collected data from
nano-impacts at different potentials for pristine particles and from sus-
pensions with carbon nanotubes. Analysis of the total charge and
maximum current distributions, and the forms of the transients, provide
clear support for our hypothesis that electron transfer plays a crucial
role.

2. Experimental
2.1. Materials synthesis and characterization

LiMny04 nanoparticles were synthesized via solution combustion
method involving calcination at 700 °C in an air-filled muffle furnace for
8 h [24]. A composite material containing 30 wt% of carbon nanotubes
was prepared from 0.4 wt% suspensions with 0.2 wt% PVP (Tuball™,
OsSiAl, Russia). The suspension with the material was ball-milled and
dried at 70 °C. The samples were denoted LMO and LMO/CNT for
pristine particles and the composite, respectively. Powder X-ray
diffraction analysis (XRD) was used to identify the phase and structural
features using a Bruker D8 Advance diffractometer (Bragg-Brentano
geometry; CuKy; 2). Micrographs were obtained using a Helios G4 two-
beam scanning electron microscope at 1 kV. Electrochemical charac-
terization of LMO was performed for a film electrode. The composite
electrode was made of LMO powder mixed with carbon black and PVDF
and then cast on a platinum foil. Electrochemical tests were carried out
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in a three-electrode cell with a 3 M KCl Ag/AgCl reference electrode
using a VMP3 Multichannel Potentiostat (Biologic, France). The upper
cutoff of the potential was 1.05 V vs. 3 M Ag/AgCl due to water elec-
trolysis (see supplementary information (SI 1))

2.2. Nano-impact experiment

All measurements were carried out using an NPI (Germany) setup
consisting of a reading head (differential (3-electrode) headstage), an
amplifier (amplifier for voltammetry and amperometry VA-10) con-
nected to an ADC with software written in our lab. The head of the
device was in a Faraday cage. A three-electrode cell with a homemade
platinum working microelectrode (10 pm diameter) and a 3 M KCl Ag/
AgCl reference electrode was used with 2 mM Li»SO4 and ~ 50 pM of the
studied particles (see supplementary information (SI 2)). The baseline
for the supporting electrolyte was measured before testing each sample;
the current was recorded at a fixed potential; then, the test sample was
added, and the dataset was recorded at the same potential. An example
of recorded data is presented in Fig. 1. The data were processed using a
Python script. Additionally, the quality of the microelectrode surface
was controlled by cyclic voltammetry with 5 mM potassium ferrocya-
nide to check the limiting current and 0.5 M sulfuric acid to check the
pronounced hydrogen UPD area (see supplementary information (SI 3)).

3. Results
3.1. Characterization of the nanoparticles

The structure and morphology of the obtained LMO nanoparticles
were studied prior to the nano-impact tests. Fig. 2(A) shows the exper-
imental, refined, and differential powder XRD patterns — one can
observe the presence of pure LiMnyO4 with no admixture phases
detectable. The widened appearance of the reflexes is in agreement with
the small size of the particles analyzed (about 70 nm). The good match
between theoretical and experimental patterns (selected error co-
efficients: R, = 1.35, Ryp = 3.05, Rpayn = 3.77) demonstrates that the
compound’s chemical composition and structural features generally
correspond well to those nominally expected. The unit cell dimensio-
nais 8.1725(2) A, which indicates a slightly lower lithium content in
the structure [25]. Minor initial delithiation of the sample is in accor-
dance with the synthesis route, especially for nano-scale particles at high
temperatures in an oxidative environment [26]. The LMO nanoparticles
had an average size of 76 nm (Fig. 2B).

The electrochemical properties of the material were tested in
aqueous media. An aqueous electrolyte was selected for two reasons: (1)
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Fig. 1. Current profile for LMO/CNT composite at 1 V vs. Ag/AgCl and a
scheme showing the collision of a LMO/CNT nanoparticle with the electrode for
deintercalation.
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Fig. 2. (A) XRD pattern and profile refinement of LMO; (B) micrograph and
particle size distribution for LMO; (C) cyclic voltammetry with a scan rate of
0.2 mV/s for the composite electrode with LMO in 0.5 M Li,SO, aqueous
electrolyte.

to eliminate the formation of blocking layers on the surface of the par-
ticles; (2) for fast diffusion of lithium ions in water; (3) for rapid sol-
vation of Li" in water [11,27,28]. The cyclic voltammetry showed a
reversible redox process, which was limited by the water electro-
chemical stability window. Due to the high impact of the surface reac-
tion from nanoparticles of LMO and their high dispersion, the fusion (or
convolution) of two peaks typical of LMO was observed [29]. The
average half-wave potentials of the peaks were 0.77 V and 0.88 V vs. Ag/
AgCl, respectively. Moreover, CVs of a similar shape were observed for
LMO in a lithium half-cell and for the LMO/CNT composite in 0.5 M
LisSO4 (see supplementary information (SI 1,4,5)). The material had a
capacity of 80 mAh/g in water (calculated by integrating the dein-
tercalation charge and knowing the mass of the material).
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3.2. Analysis of nano-impact experiments

A statistical analysis was performed on nano-impact datasets for
LMO and LMO/CNT suspensions at different potentials. Prior to the test,
the baselines of the supporting electrolyte and the suspension of nano-
tubes were measured to ensure that no parasitic processes occur at the
potential of interest (see supplementary information (SI 7)). We studied
the deintercalation process by assessing the charge distribution, the
duration of impacts, and the distribution of maximum currents (Fig. 3).
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Fig. 3. (A) charge, (B) duration, and (C) maximum current distributions for
transients during deintercalation at different potentials for the pristine material
(LMO) and the composite (LMO/CNT). (D) Maximum charge distribution
extracted from the particle, calculated based on the particle size distribution.
The long-dashed lines show the median values; the short-dashed lines show the
location of 25% and 75% of data points.
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The two studied materials have a statistically significant difference in
the maximum transient currents: there was a stable mean value of 3.7 pA
at any potential for pristine LMO nanoparticles with increasing de-
viations from 0.9 V to 1.1 V, while a nonlinear rise from 3.5 pA at 0.9 V
to 12 pA at 1.1 V was observed for the composite material (Fig. 3A). The
average duration of the nano-impacts was 27 ms for both materials
regardless of the applied potential (Fig. 3B).

In addition, we should point out that the number of impacts involved
in the statistical analysis deviates with the potential as the frequency of
collisions decreased drastically for low (0.9 V) and high (1.2 V) poten-
tials (Fig. 3C) (see the supplementary information (SI 6)). We assumed
that there was a low signal/noise ratio for impacts at low overpotentials
(50 mV), thus, a small number of events were detected. G. Zampardi
demonstrated a significant amount of collisions starting only from 400
mV of overpotential with the same material, probably due to the larger
particle size (200 nm) [16]. By contrast, nano-impacts from LiCoOy
nanoparticles were reported at an overpotential of 100 mV [20]. At a
potential of 1.2 V vs. Ag/AgCl a platinum oxide blocking layer started to
form, which reduced the conductivity of the electrode surface, leading to
a decrease in the total current and charge [30]. We intentionally
included the data for the higher potential to illustrate the impact of
surface conductivity.

4. Discussions

The total charge distribution showed the same trend as the peak
current: the deintercalation in the composite was more efficient than in
the pristine material. The broad distribution of charge for the LMO/CNT
composite relates to the fact that the binding of nanotubes with nano-
particles varies significantly, and their contact with the electrode also
had great variability. As less than 25% of sampling intersects for the
LMO and LMO/CNT sets, we can deduce that this difference is mean-
ingful. The maximum charge distribution is presented in Fig. 3(D),
calculated from the particle size distribution. One can conclude that
incomplete deintercalation occurs during collisions. The averaged sta-
tistical data for the deintercalation ratio and maximum currents are
presented in Fig. 4(A) and are discussed below.

The maximum transient currents grow nonlinearly with the increase
in overpotential for the composite, however, the study of this behavior
with the selected function was not possible due to high statistical errors.
Consequently, the analysis of the average charge had the same trend as
the time of impact and was the same for both materials and any po-
tential. The ratio of average charge and the total maximum charge of the
particle gives the deintercalation degree, which represents the per-
centage of lithium extracted from the particles. The deintercalation
degree for LMO particles remained the same at a level of 4 % for all
potentials, while the LMO/CNT particles had a deintercalation degree
which increased from 5 % to 47 % with growing overpotential (Fig. 4A).

In the scheme of the deintercalation reaction stages discussed in the
introduction, it was stated that transient forms and their dependence on
overpotential can elucidate the limiting step. Firstly, we demonstrated
that addition of carbon nanotubes significantly changes the resulting
currents, which strongly suggests that electron transfer from particle to
the electrode is the limiting step. Moreover, nanotubes increase the
contact area between the particle and the electrode. Secondly, they
reduce the energy barrier for electron transfer by creating additional
intermediate levels between the metal of the electrode and the particles,
which are semiconductors [31]. As electron transfer takes place between
the surfaces of the electrode and the particle, the real effective area of
contact determines the admissible number of electrons, while the
lithium deintercalation process is slow and sets the shape of the transient
[32]. We prepared a dataset with a high signal-to-noise ratio at 1.1 V for
transient approximation by diffusion-controlled models. The diffusion
coefficient and characteristic diffusion length determined from fitting
using a spherical model shows whether the deintercalation happens near
the electrode surface or uniformly across the particle.
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We utilized two models from PITT measurements, fitting the tran-
sients as a line in (1) i ~ time *> scale (as a Cottrell equation) or in (2) In
(i) ~ time scale, typical of the case with a prolonged time exposure [22].
It happens that the R-factor for the second type of fitting was higher, and
hence we used it to estimate the reaction parameters (Fig. 4D). A com-
parison of R-factors for both approximation models and examples of
fitting data are shown in Fig. 4 (B,C). Better fitting for the semi-
logarithmic model was also reported for LiCoO, nano-impacts transients
[20]. The form of the peak was described based on the radial uniform
diffusion model for simplicity:

2
i(t) = ipeake(ﬁ'Z )

(2)
where t is the time (starting time of each transient was set to 0), D is the
diffusion coefficient of Li™ in the host material, and ipeak iS @ pre-
exponential factor independent of time, r is the characteristic length,
which is the radius of the particle in the case of full deintercalation.
Derived from fitting, the exponential factor (Dr—’f) was equal to 336 + 152
for the LMO material and 232 + 98 for the LMO/CNT sample. Recal-
culation of r from this equation using D in the range 1072-101° cm?/s
showed that r was in the range 0.1 — 10 nm for LMO and 0.2 — 20 nm for
LMO/CNT, resulting in a maximum deintercalation degree of 4 %, which
was not correct according to the measurements. Therefore, the radial
diffusion model cannot be applied to the whole particle, only to the area
near the electrode region of the particle involved in the reaction
(Fig. 1A).

5. Conclusions

The influence of a conductive carbon additive was demonstrated for
the model cathode material LiMn304 in aqueous suspension, where the
nanoparticles stayed suspended without a constant electrode contact.
Synthesized nanoparticles of LiMnyO4 (76 nm in size) were mixed with
carbon nanotubes to make a conductive composite suspension. The
charge and peak current distributions changed differently with applied
overpotential: the average charge and peak currents grew nonlinearly
for the composite but were constant for the pristine material. The
resulting deintercalation degree for the composite reached 49 % at a
potential of 1.1 V vs. Ag/AgCl, while only 4 % of the lithium was
extracted from the pristine LiMnyO4 particles. The current transients
were analyzed to deduce the limitation stage. The difference in the
maxima and form of the transients shows that electron transfer is the
rate-determining step for LiMny04 Deintercalation occurs only near the
contact between the particle and the electrode — carbon nanotubes in-
crease the contact area, involving a larger part of the particle in the
deintercalation. Therefore, we suggest that the use of conductive addi-
tives in nano-impact experiments with intercalating systems is a useful
tool for signal boosting and enhancing redox flow battery performance
(energy density and efficiency).
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4.4 Conclusions from the Chapter 4

Microgels with 4-amino-TEMPO redox-active sites have stable cycling with
capacity up to 100 mAh/L, that corresponded to 14 % of capacity utilization. The
material was investigated by drop-casting the thin film on a flat surface of the electrode.
An unfortunate loss of > 70% initial capacity at the first irreversible oxidation process
was observed. This fade is caused by the reorganization of the micro-gel structure due
to the inability to compensate for the charge. The insufficient electronic conductivity

of 500 nm globulus led to the localization of the reaction in the near-electrode area.

Similar localization of the reaction we demonstrated by nano-impact technique.
Suspension of LiMn,Os4 as a solid-booster was studied with and without the addition of
carbon nanotubes. The statistical analysis showed that total capacity utilization during
the collision has grown from 5 to 47 % with the addition of carbon nanotubes. The
conductive additives provided additional intermediate energy levels for the electron
transfer and increased the contact area between the particle and the electrode. Thus, the

application of conductive additive accelerates the deintercalation reaction.

In summary, we demonstrated that redox-active suspensions need effective
electronic conductivity to achieve maximum capacity. The introduction of the
conductive additives that are closely connected to the nanoparticles is one of the useful

approaches.
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Chapter S Summary and Outcomes

This thesis was devoted to the development of tools that can be applied for materials
characterization in the scope of RFB applications. In a conclusion, I discuss how the

methods can be used on other materials and which problems can be addressed.

1) I developed the method of in-situ Raman monitoring of vanadyl oxidation reaction on
the carbon paper electrode. A specially designed three-electrode cell can be utilized for any
chemistries, stable in air, and any electrode materials. In general, tracking species
transformation on the electrode surface during the redox process is a powerful tool for the
investigation of degradation processes of the redox-active components or electrode surface.
Moreover, this method can be used to prove the presence of a catalytic effect of electrode

additives.

2) A new method was proposed for kinetic parameters identification, which utilized
experimental data corroborated by the numerical model with activation losses. Numerical
evaluation of redox reaction rates is an important issue for reliable RFB modeling and
electrode materials comparison. In particular, it is the useful tool for the comparison of

vanadium reaction rates for different electrode materials.

3) I determined the set of essential parameters for bipolar plate materials. The developed
benchmarking protocol allows fast screening of materials, starting with the target value of
electronic conductivity. Moreover, the influence of bipolar plate morphology on chemical

and electrochemical stability was demonstrated.
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4) I characterized two redox-active colloids in terms of available capacity. The effect of
the carbon nanotubes addition to the colloid was demonstrated by the nano-impact
technique, demonstrating the necessity of electronic conductivity to achieve maximum
capacity. The conductive additives provided additional intermediate energy levels for the
electron transfer and increased the contact area between the particle and the electrode.
Therefore, the application of conductive additive accelerates the redox reaction and the

conversion level for dielectric redox-active nanoparticles.

Overall, this thesis proposes the state-of-the-art framework of material
characterization methods, which are effective and industry applicable tools for diagnostic
RFB problems. In particularly, this work opens up many future perspectives regarding the
carbon materials selection for vanadium RFB, like porous electrodes and bipolar plates.
Developed stability tests and kinetics characterization methods allow targeted development
of durable and powerful vanadium stack. Additionally, investigation of solid redox-active
materials as a new RFB electrolyte class using proposed methods elucidated the reason of
their incomplete capacity utilization. Overcoming this bottleneck will facilitate the

development of advanced organic RFB and bring them to the energy market.
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