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Executive Summary

To achieve carbon neutrality by mid-21% century, rapid deployment of large-scale electrical energy
storage options is required to integrate intermittent renewable energy resources such as solar and
wind, and catalyze smart-grid infrastructure. Electrochemical energy storage technologies such as
Li-ion batteries (LIBs) and redox flow batteries (RFBs) offer the modularity and scalability
required for large-scale energy storage. RFBs operate by spatial separation of electrode and
electrolyte, providing energy and power decoupling. This gives them an advantage over
conventional LIBs, in terms of long life cycles (>10,000 cycle, 10-20 years) and inherent safety.
However, the volumetric energy density of RFBs (<100 Wh I%) is far lower than standard LIBs
(600-650 Wh I1). A hybrid electrochemical system called redox-targeting flow batteries (RTFBs)
was suggested in 2013 that uses chemical redox of charge dense Li-ion battery materials through
redox-targeting reactions, and has a theoretical capacity of > 500 Wh . RTFBs however are in
embryonic stages of development. The design principles of electroactive materials and the
chemical redox reaction mechanism would need to be established to realize full-scale deployment

of RTFBs.

To address these challenges, chemical redox kinetics and RTFB design were investigated in this
dissertation. In Chapter II, chemical redox kinetics were compared to the well-studied
electrochemical kinetics of LFP. Chemical redox of LFP by ferrocene-based redox shuttles was
evaluated using in-operando UV-Vis spectroscopy, whereas LFP half-cells were potentiostatically
charged/discharged. The kinetics and phase transformations of the two redox routes were estimated
using Johnson-Mehl-Avrami-Erofeyev-Kolomogorov model (JMAEK). It was revealed that the

reaction pathway and phase transformations are different for chemical and electrochemical redox.
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The first-order rate constants were consistently lower for chemical redox than electrochemical
redox. Additionally, apparent activation energy calculations suggested that the low redox shuttle
concentrations (<1x107mol I'Y) could be the cause behind poor kinetics. This issue was mitigated
in Chapter III by increasing the redox shuttle concentration by a hundredfold. Furthermore, Six
derivatives of ferrocene-based redox shuttles were characterized using cyclic voltammetry for the
redox targeting Kinetics with LFP. The reactions were analyzed using two first-order Kinetic
models — IMAEK and 1-D diffusion model. Chemical redox kinetics of LFP with the shuttles
showed no significant dependence on the redox potential and diffusion coefficient of the shuttles.
This suggests specific redox shuttle-particle interactions influence the reaction rates. Moreover,
robust experimental system was designed to compare redox shuttles for redox-targeting

applications.

In Chapter IV, the design of LFP packed bed reactor (PBR) as the chemical reservoir is explored
by changing four design variables: packed-bed height, concentration of redox shuttle, flow rate of
electrolyte, and operating temperature. It was found that concentration of redox shuttle is the
leading factor affecting the rate of chemical oxidation of LFP PBR. Additionally, under the
reaction conditions tested, the rate-limiting step was observed to be dependent upon operating
conditions. To further explore the reaction mechanism in LFP PBR, spatiotemporal progression of
chemical oxidation was mapped using X-ray and neutron tomography in Chapter V. Reaction
heterogeneities observed using neutron tomography were found to be correlated to the LFP particle

size and random distribution of LFP aggregates in the PBR.
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Chapter 1. Research Background: Redox-Targeting Flow Batteries

1.1 Overview

This chapter demonstrates the scientific basis for the research presented in this dissertation. The
progression of the strategies to improve the energy density of redox flow batteries (RFBS) is
examined. The focus of this chapter and this dissertation will be the use of solid electroactive
material as the primary charge storage material in RFBs to overcome the redox-active material
solubility limit in conventional RFBs. The RFB design explored in the thesis employs redox-
targeting reactions between solid electroactive material and redox shuttles. A comprehensive
review of the material chemistries, characterization methods, and battery hybrids that have been
implemented using redox-targeting reactions are listed, which provides the foundation for
subsequent chapters in this dissertation. Based on the current challenges in the field, the scope of

the dissertation is then discussed.

Definitions:
Voltage efficiency = Discharge voltage/Charge voltage
Coulombic efficiency = Discharge capacity/Charge capacity

Energy efficiency = Voltage efficiency x Coulombic efficiency
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1.2 Broader Scope

As of June 2021, 34 countries with 3900 jurisdictions have declared climate change as a
climate emergency[l]. The linguistic change is to acknowledge unprecedented extreme
temperatures, wildfires, droughts that have become a common occurrence in the last decade. These
events have forced policymakers, corporations, and public to take short-term and long-term
measures to mitigate the effects of the climate emergency. Extreme weather conditions caused by
the climate emergency are also the leading cause of power failures in the United States[2]. Power
grids across the world are engineered to balance the change in demands over the course of days
and seasons. However, extreme weather caused by climate emergency put the power supply at risk
since there are no historical data to plan and engineer the grids accordingly. For instance, in
February 2021, the Texas power grid failed after the temperature in the state plummeted to -19 °C,
which is the lowest temperature in the region in seven decades. Since the Texas grids were not
engineered for the power demands that follow cold temperatures, a power outage ensued putting
10 million people out of electricity[3]. Power blackouts from extreme events call for grid security
and reliability. One of the recent studies found that the Southeast US would need to expand electric
capacity by 35% by 2050 just to mitigate the hazards of climate change, which does not include
the increase in energy demands by growing population and lifestyle needs[4]. According to World
Energy Outlook (IEA 2020), the global energy demands emanating from growth in population and
economy would increase by 19% from 2020 to 2040 [5]. Coupled with the goal of achieving carbon
neutrality by 2050, sustainable energy resources such as wind, power, geothermal, biomass etc.
are expected to be adopted for power generation. However, intermittency of renewable sources
such as solar and wind slow down the decarbonization of the utilities landscape. Without

technological intervention, the aging grid capabilities in the United States are expected to fail
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beyond 20% integration of non-dispatchable renewable energy resources [6]. Hence, energy
storage options need to be developed for both our short and long-term goals. In short term, small-
scale energy-storage installations can support the rapidly advancing clean energy technologies[5].
For long-term, we would need to develop smart-grid storage options that enable the widespread

adoption of renewables.

Among the options available, pumped hydro and compressed air convert potential energy
to electrical energy, account for 99% of the current energy storage infrastructure[7]. Pumped hydro
and compressed air have low life cycle cost, however they are limited by geographic constraints,
environmental impacts, and have slow response to high power demands. On the other hand,
flywheels that convert kinetic energy to electric energy have fast power response, but poor round-
trip efficiency for slow discharge (several hours)[8]. Electrochemical energy storage (ECES)
options, such as batteries and fuel cells, have both short- and long-term energy storage capabilities
due to their modularity and site-versatility. ECES are expected to grow more than 10,000 times
the current installed capacity, to 150 GW of power generation that includes technologies like Li-
ion batteries (and related chemistries such as sodium-ion, Li-sulfur etc.), fuel cells, and redox flow

batteries[9,10].

Robust operation lifetimes of ~10 years, cost of installment and operation, depth of
discharge (DOD), high energy density, high power density, safety are among the many
requirements for grid-level energy storage options. Fulfilling all the criteria is challenging for any
technology. Hence, a portfolio of various different technologies that are versatile and modular
would be needed. Among them, redox flow batteries are a promising technology that would

underpin the scientific endeavors of this dissertation.
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1.3 Redox Flow Battery Design

A redox flow battery (RFB) is a rechargeable battery that stores electrical energy in soluble
redox species. RFBs comprise three main components 1) power stack, 2) chemical reservoirs, 3)
accessories such as pumps, power conditioning systems, controllers, etc. A schematic of a RFB is
shown in Figure 1. The power stack as a unit consists of porous electrodes separated by an ion-
exchange membrane, and current collectors attached to the external circuit. The anodic and
cathodic redox couple are dissolved in the electrolyte, and are referred to as anolyte and catholyte,
respectively. The total energy storage depends upon the volume of the chemical reservoirs.
Therefore, the volumetric energy density of RFBs can be improved by selecting high solubility
anodic and cathodic redox couples. The anolyte/catholyte solutions are continuously pumped from
the anode/cathode tanks to the power stack, where redox reactions occur on the surface of porous
electrodes. The charge-balancing ions penetrate through the ion-exchange membrane, and the
oxidized/reduced electrolytes are accumulated in the tank. Since the reactions occurring on redox-
active sites of the porous electrodes are not accompanied by any structural changes of the electrode,
the electrode degradation in RFBs is less severe relative to Li-ion intercalation batteries. For this
reason, RFBs have been shown to last up to 10,000-20,000 cycles[11,12]. The power density of
RFBs is dependent upon the power stack design and operation. In this way, the power density and
energy density of RFBs are decoupled — the size of power stack and chemical reservoirs can be
altered to meet specific demands, making them scalable and flexible. The other advantages of
RFBs for use in stationary energy storage are — high coulombic efficiency, high DOD, long cycle-

life, and fast response time [11].

11
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Figure 1. Schematic of a redox flow battery (RFB)

Currently, the most widely studied and commercially successful RFBs are all-vanadium
redox flow batteries (VRFBs). VRFBs have vanadium in four oxidation states — V2*/\/** for
anolyte and VO?*/VO,*. Since the same chemistry is used for cathode and anode in VRFBs, the
cross-contamination across ion-exchange membrane can be treated via a ‘rebalancing’ process
thereby mitigating capacity decay, and results in a long operational lifetime. The use of aqueous
electrolytes in VRFBs however limits the operational voltage (1.15-1.55 V vs SHE, limited by
water electrolysis) resulting in low energy density[13]. Despite the efforts to increase the solubility
of vanadium ions using organic and inorganic additives, electrolyte pH, VRFBs offer energy
density (~25 Wh I'Y) which is low compared to Li-ion batteries (100-450 Wh I), or even lead-acid
batteries (60-100 Wh I'). In addition, the vanadium resources used in VRFBs amount to a capital
cost of $450 (kW h)?, which is much higher than the target cost of $150 kW h? set by US

Department of Energy (DOE)[14]. Other chemistries that use cheaper transition metals such as all-
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iron RFBs (Fe**/Fe?* and Fe?*/Fe as redox active species in the catholyte and anolyte, respectively)
share the advantages of VRFBs, however they suffer from low voltage, energy density, and

coulombic efficiency[15].

The energy density of RFBs can be increased in three ways- a) by using multi-electron
redox couples, b) increase the solubility of redox active species, c) increase the operating cell
voltage. Synthesis and application of multi-electron redox couples in RFBs has seen limited
success due to poor coulombic efficiency and stability issues[16]. Several approaches have been
used to overcome the limitations of VRFBs and similar systems using transition metals, such as
the use of non-aqueous electrolytes, organic redox couples, and flowing suspensions of solid
electroactive materials[17]. Non-aqueous electrolytes on the other hand provide a wide
operational voltage window that enables selection of a range of redox active species such as

metallocenes, organic redox molecules, and flexibility of design.

An alternative approach to circumvent solubility and stability issues that arise from soluble
redox-active shuttles is to use solid electroactive species as the primary energy storage material.
This scheme of using solid active material RFBs was introduced by Duduta et al., and are referred
as semi-solid flow batteries (SSFBs)[18]. A schematic for SSFB is shown in Figure 2. Various
active materials used primarily in conventional Li-ion batteries such as LiCoO, (LCO),
LiNiosMn1504 (LMNO), LiNiysMn13C01302 (NMC), LiFePO4 (LFP), silicon, and graphite have
been demonstrated in this system[19-21]. The flowable suspension is made up of active materials
(high volume fraction up to 20%), conductive agents, and lithium salts in organic electrolyte.
Compared to the highest reported solubility of 5 M for conventional RFBs, a 20% volume fraction
of LCO translates to 10 M of active material, thereby putting the theoretical volumetric energy

density of SSFBs at ~200 Wh I'1. However, high concentration of active materials and conductive
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carbon results in a highly viscous suspension that imposes parasitic loss from pumping during
operation. For instance, at 12.6 vol % LFP in the catholyte, only 57.4 Wh I capacity was

realized[21].

S Tl | S

Power Stack ¢ T

Cathode Reservoir e

Active Material
Slurry

Anode Reservoir

Pumps e

Figure 2. Schematic of semi-solid flow batteries (SSFBs).

To improve upon the rheological challenges, conductive carbon can be eliminated from the
suspension as it has been shown that addition of just 0.6% carbon black to 22.4 M LCO suspension
increases the viscosity by more than tenfold. However, without the percolating network, the
electrochemical reaction is facilitated by the collision between solid electroactive material and
current collector. Our group used this approach to design cells based on LCO and LisTisO12 (LTO)

chemistries, however a low coulombic efficiency of ~38% was realized[22]. Another strategy to
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overcome the rheological limitations of SSFCs was proposed by Wei et al., where biphasic
mixtures of repulsive LFP particles and attractive carbon black were stabilized in a colloidal
mixture leading to well-dispersed suspensions[23]. This resulted in a remarkable improvement in
cell performance, yielding a high energy density of 93 Wh I* and coulombic efficiency of 99%
over 90 cycles. Changing the flow from continuous to intermittent flow has also been shown to
improve cell performance. Despite the progress made in SSFBs in the past decade, the
manageability and long-term cycling stability of suspended solid electroactive material in

electrolytes has not been reported yet.
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1.4 Redox-targeting Flow Batteries

To mitigate the use of solid suspensions and conductive carbon, while retaining the
potential for high volumetric energy density from using solid electroactive material in RFBs,
redox-targeting reactions were proposed by Prof. Wang and coworkers in 2013 [24]. Unlike
SSFBs, the solid electroactive material remains static in the chemical reservoirs; the ion exchange
is enabled by redox shuttles flown through the solid electroactive material and then to the power
stack. We will refer this design as redox-targeting flow batteries (RTFBs) in this dissertation. A

schematic for RTFB is shown in Figure 1.

- +
—(o__ o
vl
. v
Cathode Reservoir .
Soluble Redox Shuttlee— | o
h /__\
P g, B ar,
Power Stack o
Solid Electroactive o
Material
Anode Reservoir ¢—*
~.

Pumps e

Figure 3. Schematic of redox-targeting flow battery (RTFB).
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Two redox processes occur in the RTFBs. In the first process, redox shuttles perform
chemical redox of solid electroactive material. RTFBs circulate a pair of redox shuttles for
oxidation/reduction of cathode and anode each. The redox potential of redox shuttles should
straddle the redox potential of solid electroactive material in the same electrolyte. In the second
process, redox shuttles are regenerated in the power stack via electrochemical redox. Similar to
RFBs, the power stack in RTFBs is composed of porous materials with high electronic
conductivity (such as carbon or nickel foam, to facilitate charge transfer between redox shuttle and
current collector). For example, for an RTFB made of LFP and TiO; as solid electroactive material,
and CRSox, CRSrep, ARSox, and ARSgep being the redox shuttles (where CRS and ARS stand
for cathode redox shuttle and anode redox shuttle, the subscript OX and RED indicate oxidation

or reduction), the following reactions would occur during charge and discharge of the battery-

Charge-

Cathode reservoir - CRSJy + LiFePO, —» CRSpx + FePO, + Li* 1)
Cathode electrode- CRSpx — CRSAy + e~ 2
Anode reservoir - ARSggp + TiO, + Li* —» ARS7zp + LiTiO, 3)
Anode electrode - ARSAzp + e~ = ARSggp 4)
Discharge-

Cathode reservoir - CRSggp + FePO, + Lit —» CRS{zp, + LiFePO, (5)
Cathode electrode - CRS7zp + e~ = CRSggp (6)
Anode reservoir - ARSyx + LiTiO, —» ARSgzp + TiO, + Li* (7

17
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Anode electrode - ARSggp = ARSggp + €~ (8)

As expected, the six chemistries in the chemical reservoirs, and the ion-exchange
membrane and porous electrodes in the power stack render RTFBs a complicated system. Since
being first proposed in 2013, several studies on redox-targeting systems have been reported[25].
The research focus of these studies can be loosely divided into three categories: a) material
selection and design, b) kinetics, and ¢) RTFB extension to other battery chemistries. These

categories are discussed in detail in sections below.

1.4.1 Material Selection and Design

The design of RTFB based systems is still in early development stages. As a result, a
standard methodology of designing and testing these batteries has not been established yet. Unlike
conventional Li-ion batteries, where a standard protocol for slurry coated or sintered electrodes is
used to measure cell performance, the solid electroactive material in RTFBs has been characterized
as in a number of ways - pellets, dispersed particles, screen printed electrodes, etc. Table 1 lists
the solid electroactive materials, redox shuttles, and the characterization ‘design’ for solid
electroactive material that have been reported in the last eight years. Some of the innovations

towards solid electroactive material and redox shuttle are discussed in the sections below.

1.4.1.1 Solid Electroactive Material

The majority of the reports so far have used conventional Li-ion battery electrodes as the
solid electroactive material, due to the high concentration of both ions (Li*) and electrons in these
materials. For instance, Li* concentration in LFP is 22.8 M, LCO is 26.6 M, and 22.5 M in LTO.
The first demonstration of RTFBs was made in 2013 by Huang et al. using LFP (3.45 V vs Li/Li")

with 1,1°-dibromoferrocenium (FcBr2", 3.55 V vs Li/Li*) and ferrocene (Fc, 3.25 V vs Li/Li") as

18
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cathode and lithium metal as anode [24]. Using the same cathodic chemistry, a full cell was later
demonstrated with anatase TiO2 (1.8 V vs Li/Li*) an anode, paired with cobaltaocene (CoCp., 1.90
V vs Li/Li*) and bis(pentamethylcyclopentadienyl) cobalt (CoCp*2 1.36 V vs Li/Li*) as the redox

shuttles[26].

In a study by Zanzola et al., polyaniline (PANI) was demonstrated as the solid electroactive
material for both anode and cathode reservoirs of RTFBs[27]. PANI exists in three oxidation
states; hence, by using redox shuttles of suitable voltage, redox-targeting of the cathodic and
anodic pair was achieved. Although the all-PANI RTFB had a low cell voltage (0.4-0.6 V) and
poor kinetics, using a single solid electroactive material significantly simplified the RTFB

chemistry.

Recently, Wong et al. demonstrated a strategy to use polymer derivatives of redox-active
organic molecules as solid electroactive material[28]. In this study, polystyrene derivatives of
viologen were designed as spherical particles (~ 200-um diameter) and were oxidized and reduced
by dimethyl and diphenyl viologens, respectively. If successful, this technique may allow tailoring
of redox-targeting chemistries by pairing redox shuttles and polymers as solid electroactive

material, providing greater flexibility and voltaic efficiency.

1.4.1.2 Bifunctional and Nernstian Redox Shuttles

By using a pair of redox shuttles for cathode and anode each, along with solid cathode and
anode material, electrolyte with conducting salt, the complexity of an RTFB system is increased.
Depending upon the specific redox chemistry, the maximum concentration of redox shuttles in the

electrolyte is also limited by using a pair of redox shuttles in catholyte and anolyte solution. To

19
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address this, bifunctional redox shuttles have been proposed. For example, 1/13" and 13712 have a
half-wave potential of 3.15 and 3.7 V vs Li/Li", respectively that has been shown to delithiate
LFP[29]. Another bifunctional redox shuttle reported for LFP based RTFBs 2, 3, 5, 6- tetramethyl-
p-phenylenediamine (TMPD) [30]. Both iodide and TMPD shuttles simplified the RTFB

electrolyte chemistry, which is expected to be more stable for long term cycling.

The other issue that arises from having multiple redox shuttles is the intrinsic voltage loss,
which decreases the voltage efficiency of the cell. The voltage efficiency of the cell is determined
by the potential of the redox mediator(s). For instance, in case of an RTFB made of LFP as cathode
being reversibly delithiated/lithiated by FcBra/Fc, and anatase TiO. as anode redox-targeted by
CoCp2/CoCp*, shuttles results in a overpotential loss of 0.30 V on cathode end and 0.56 V on the
anode side. The voltage efficiency, defined as the ratio of discharge and charge voltages, for this

RTFB would be just 38.2%.

A proposed way to mitigate this issue is to use redox shuttles with half-wave potentials
very close to the redox-targeted material, while still driving the chemical redox reactions forward
at reasonable rates. In this case, the voltage loss arising from the voltage differences between
shuttle and solid electroactive material would be eliminated. The driving force for chemical redox
of solid electroactive material would arise from the Nernstian potential difference caused by the
activity changes of the redox shuttles during charge and discharge. Using this strategy, ferrocene
grafted ionic liquid, FcIL (3.43 V vs Li/Li*) for LFP [31] and [Fe(CN)e]*> for PANI [27] have

been reported for RTFB with a voltage efficiency of 95% and 88%, respectively.
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Table 1: Summary of RTFB chemistries and solid electroactive material ‘designs’-

Gupta PhD Dissertation

Solid Redox Shuttles | Design Reference

Electroactive (Potential vs Li/Li"

Material(s)

Li-LFP Fc(3.25)/FcBr2 (3.55) | Dispersed LFP particles [24]

Li-LFP I" (3.15/3.7) 100 upm screen printed LFP | [29]

electrode

Li-TiO2 CoCp2 (1.36)/CoCp*2 | Screen  printed anatase TiO2 | [32]
(1.90) electrode, dispersed TiO2

LFP- TiO; Fc(3.25)/FcBr2 (3.55)- | Porous LFP and TiO2 granules | [26]
CoCp2/CoCp*2 static in tanks

Li-TiO2 CrCp*2(1.77)/CoCp2 Dispersed TiO2 powder [33]
(1.92)

Li-S CrCp*2 (1.96)/NiCp*2 | Dispersed sulfur-based copolymer | [34]
(2.49)

Li-O2 Ethyl viologen (2.65)/1- | Li2O dispersed on porous material | [35]
(3.10/3.7)

Li-O2 DTBBQ Li>O> dispersed on Ni foam [36]
(2.63)/ITMPPA (3.63)

21



Li - | Ethyl viologen diiodide | Prussian blue granules static in the | [37]
Fes[Fe(CN)e]3 (2.45)/1"(3.15) chemical reservoir
(Prussian blue)
Li-LFP FclL (3.43) LFP granules static in the chemical | [38]
reservoir
Li-LFP TMPD (3.20/3.60) LFP granules static in the chemical | [30]
reservoir
PANI Fe3*/2*(3.84)/V473+ PANI disk, fluidized packed bed [27]
(3.38)
LFP Ka[Fe(CN)e] (3.55) LFP porous pellets [39]
Zn- Ka[Fe(CN)e] (3.55) Prussian blue granules static in the | [40]
Fes[Fe(CN)e]s chemical reservoir
LFP-O> Lis[Fe(CN)s] LFP flakes dispersed in the | [41]
chemical reservoir
Polystyrene Viologen derivatives Dispersed polystyrene derivatives | [28]
derivative of of viologen
viologen
Abbreviations: CrCp*., bis(pentamethylcyclopentadienyl)chromium; NiCp*2,
bis(pentamethylcyclopentadienyl)nickel; TMPPA, tris {4-[2-(2-methoxyethoxy) ethoxy]-
phenyl}-amine; DTBBQ, 2, 5-di-tert-butyl-1, 4-benzoquinone.
22
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1.4.2 Kinetics of Redox-targeting Reactions

The operation of RTFB is limited primarily by two Kinetic processes- the electrochemical
redox of redox shuttles in the power stack, and the chemical redox of solid electroactive material
by redox shuttles. These two processes, along with material transport between chemical reservoirs
and power stack will determine the charge/discharge rate. The electrochemical redox involves
mass transfer in the electrolyte, electron exchange at current collector, and ion exchange via the
ion-exchange membrane. The ion-exchange membranes pose a unique challenge of selective
permeability and long cycle-life, and are in early development phase for RTFB applications[42].
The mass transfer of soluble redox species, and electron exchange between redox species and
current collector is a feature shared by conventional RFBs and fuel cells. Optimization of the

electrochemical kinetics in these systems have been extensively reported in these reviews [43,44].

On the other hand, the kinetics of redox-targeting reactions between solid electroactive
materials and redox shuttles have been reported very few times. The charge-transfer kinetics
between solid electroactive materials and redox shuttles indirectly affect the power and energy
storage capacity of RTFBs. Yu et. al estimated the Li* diffusion coefficient in LFP to be 10 cm?
st during chemical oxidation with NO2BF4 using X-ray absorption spectroscopy, consistent with
electrochemical oxidation[45]. Chemical redox kinetics of LFP have been reported by Schougaard
and coworkers by using bulk oxidants (H202, NO2) [46,47] and reductants (Lil)[48] through
techniques such as in-situ x-ray diffraction and UV/vis spectroscopy to track the progress of the
reaction. The reaction parameters were extracted using 1-D diffusion model[46], Johnson-Mehl-
Avrami-Kolmogorov model (JMAK)[45,48], and a statistical model[49]. In these reports, pseudo

first-order reaction conditions were maintained by using redox shuttles in excess.
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One of the techniques for probing chemical redox Kkinetics is to use scanning
electrochemical microscopy (SECM)[50], where the ferrocene-based shuttles are
oxidized/reduced at the electrode tip and at a controlled distance away the oxidized/reduced
species reacts with the a dense LFP pellet as the solid electroactive material. The shuttle undergoes
chemical redox at the substrate and is regenerated using electrochemical redox at the electrode.
Assuming two-way pseudo-first order reaction model, effective rate constants for
delithiation/lithiation for LFP/FP pellets by FcBr?*/Fc solution were determined to be 6.57 x 107
and 3.70 x 10 cm s™1[51]. Jennings et al. reported a “double-layer electrode” of thin porous Al.O3
layer with coated active material layer of LFP/FP to quantify the redox-targeting reaction kinetics
by redox shuttles[52]. The double layer electrode film was reacted with very low concentration of
redox shuttle and for short durations to create pseudo-first order reaction conditions. Following
the classical catalytic-electrochemical mechanism [53], heterogeneous rate constants were
obtained in the range of 2.2 x 10%— 4.4 x 10 cm s°%. The 3 orders of magnitude difference between
the two studies arises from the fact that LFP on double layer electrodes limits the electronic
conductivity. Therefore, the reaction kinetics were limited by instead of electron transfer instead
of interfacial kinetics between LFP and redox shuttles. These results suggest that the redox-
targeting kinetics of solid electroactive materials with poor conductivity such as LFP can be

improved by increasing surface area to volume ratio, would shorten the charge-transfer distance.
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1.4.3 RTFB Extensions

This section explores the broader applications of redox-targeting approach to other
electrochemical applications. While the focus of this dissertation would be chemical redox of Li-
ion battery materials, the schemes explored in the systems discussed below establish redox-

targeting as an intriguing technique to a wide variety of battery chemistries.
1.4.3.1 Redox-targeting Li-S Batteries

Li-S batteries use sulfur as cathode that is a low-cost material with high capacity. Li-S
batteries have a theoretical energy density of ~2600 Wh kg, however they suffer from poor ionic
and electronic conductivities of sulfur, and polysulfide dissolution (S*, S;*, and S4%) in the
electrolyte which causes severe capacity decay over more than hundred cycles[54]. Li-S based
RTFBs were demonstrated by Li et al.[34], where S/Li>S cathode (2.15 V vs Li/Li") paired with
NiCp*2 (2.49 V vs Li/Li*) and CrCp*; (1.96 V vs Li/Li"). The battery experienced more than 70%
decay in charge/discharge capacity after 100 cycles due to polysulfide dissolution, and polysulfide
and redox shuttle crossover to Li-anode through ion-exchange membrane. The results suggest that
polysulfide dissolution and crossover issues must be addressed first before the full potential of

redox-targeting Li-S batteries can be achieved.
1.4.3.2 Redox-targeting Li-O, Batteries

Li-O2 batteries (LOBSs) have the highest theoretical energy density of all possible secondary
batteries[55]. LOBs use Li metal anode and O-air cathode, and Li-ion containing electrolyte. The
cathode in LOBs is generally a porous substance enabling contact between O, and Li ions in the
electrolyte phase. The discharge reaction is referred as oxygen reduction reaction (ORR). The

electrochemical reaction pathway proposed for ORR is as follows-
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0, + Lit+e” > Li0, 9)
2Li0, - Li,0, + 0, (10)
LiO, + Lit + e~ - Li,0, (11)

The primary discharge product, lithium peroxide (Li2O2) is insoluble in non-aqueous
electrolytes and deposits on the surface of porous cathodes as thin films or precipitates. During
charge or oxygen evolution reaction (OER), Li.O. undergoes oxidation to release molecular

oxygen.

The Li20O formed on porous electrodes is insulating and pore clogging, resulting in voltage
hysteresis and poor discharge capacity. By using redox-targeting concepts, the reactants at the
cathode during charge (Li2O2) and discharge (O2) were chemically oxidized and reduced using
redox shuttles in a gas-diffusion tank, separately. Therefore, the OER and ORR reactions are
performed via chemical redox instead of electrochemical redox, mitigating the issue of Li>O>
precipitation on porous electrodes. Li-O2 based RTFBs employing iodine (3.1/3.7 V vs Li/Li* for
I/1*/1) and ethyl viologen (2.65 V vs Li/Li+) as OER and ORR redox shuttles, were first reported
by Zhu et. al [35]. This Li-O> battery exhibited large voltage hysteresis (voltaic efficiency 72%)
and corrosion from iodine. Another pair of redox shuttles TMPPA (3.63 V vs Li/Li*) and DTBBQ
(2.63 V vs Li/Li*) were later reported for Li-O> RTFBs[36]. Although, TMPPA and DTBBQ
straddle the redox potential of Li»O2(2.96 V vs Li/Li"), the large overpotential between two redox
shuttles resulted in poor voltaic efficiency. Additionally, DTBBQ were found to be chemically
unstable upon three cycles (in 180 h duration). Despite the shortcomings, Li-O2 RTFBs show
promise towards solving the issue of surface passivation from Li>.O, formation and subsequent
pore clogging during discharge.
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1.4.3.3 Solar Rechargeable RTFBs

Fan et al. reported integrating redox-targeting approach in a photo electrochemical cell[37].
The solar-rechargeable used Prussian blue as the solid electroactive material along with the TiO-
photoelectrode. The redox-targeting reaction between the photoelectrode and Prussian blue was
achieved by using bifunctional redox shuttles, iodide (I/1*7/1,) and ethyl viologen (EVY/EV*/EV?").
This design achieved energy density of 117 Wh It with 66.8% of solid electroactive material
utilization, thus demonstrating synergistic improvements in electrochemical performance by using

Prussian blue as a capacity booster.
1.4.3.4 Recycling

A recycling approach to spent Li-ion electrodes from conventional Li-ion batteries was
demonstrated in a study by Yu et. al [41], where LFP-O> RTFB with ferricyanide as the redox
shuttle regenerated high purity FePO4 (99.97%) and LiOH (99.90%). This strategy minimized the
use of corrosive chemicals and energy intensive processes commonly involved in Li-ion battery

recycling.
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1.4 Scope of Dissertation

The goal of this work is to develop techniques and analytical methods to probe chemical
redox reactions between soluble redox shuttles and solid electroactive materials. The knowledge
gained from development of these techniques is necessary for the rational design of RTFBs.
Operation and design of RTFBs requires understanding of two reactor systems - chemical redox
of solid electroactive material by redox shuttles, and electrochemical redox between redox shuttles
and current collectors. The latter is equivalent to the charge transfer in the power stack in RFBs
and fuel cells. Methods to optimize the electrochemical redox by material selection and cell design
has been reviewed extensively in literature [17,43], and will not be explored in this study. On the
other hand, chemical redox between solid electroactive material and redox shuttles is central to the
functioning of RTFBs and compared to electrochemical redox, has not been well studied. Chemical

redox processes relevant to RTFBs will be the focus of this dissertation.

In this dissertation, LFP has been used as the solid electroactive material. LFP was chosen
due to its flat charge/discharge potential at 3.45 V vs Li/Li* (as shown in Fig. 4) that allows
constant potential difference between LFP and redox shuttles during all states of
oxidation/reduction. Additionally, since most non-aqueous electrolytes are unstable above 4.2 V
vs Li/Li", there is a voltage window of 0.8 V for the selection or design of oxidation shuttle of
LFP. As a cathode material in Li-ion batteries, LFP has been shown to have high power density,
voltaic efficiency, cost-effectiveness, and long-cycle life. We believe that these qualities would

translate well into RTFBs as well.
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Figure 4. Charge-discharge profile of LFP electrodes in a Li-ion battery.

In this dissertation, the key research ideas can be understood in two parts. Part I explores
redox shuttle design and characterization methods, detailed in Chapter II and III. In this part,
ferrocene based redox shuttles were used in organic electrolytes with dispersed LFP in a batch
reactor system. In chapter II, chemical redox of LFP was compared to the well-studied
electrochemical redox. in-operando ultraviolet-visible (UV-Vis) spectroscopy probed the reaction
progress and pseudo first order rate constants and phase transformations were extracted using
JMAK equation. In Chapter III, the concentration limitations of redox shuttles imposed by UV-
Vis spectroscopy were obviated by designing an electrochemical batch reactor. With this setup,
the molar ratio of solid electroactive material to the redox shuttles were studied for maximum
extent of redox-targeted conversion. Six ferrocene-based redox shuttles, with varying redox-
potentials and steric factors (correlated to diffusion coefficient), were then tested for rate of redox-
targeting reactions. The Kkinetic parameters were derived using JMAK model and an additional 1-

D diffusion model was developed with greater sensitivity to Li-ion diffusion in LFP particles.
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In Part II of this dissertation, the emphasis was shifted towards designing the chemical
reservoir for RTFBs. In Chapter IV, a systematic investigation of design principles for a packed
bed reactor (PBR) configuration as the cathode reservoir is described. The impact of variables such
as the height of the PBR, redox shuttle concentration, electrolyte flow-rate, and operating
temperature on the chemical oxidation of LFP PBR by [Fe(CN)s]> was measured using
electroanalytical techniques. A reaction mechanism based on the observations was suggested. To
verify the insights developed in Chapter IV, neutron imaging of the LFP PBR at different stages
of chemical oxidation by [Fe(CN)e]*> was done to visualize the spatiotemporal variations. 3D
reconstructed neutron tomographs were then complemented with x-ray computed tomography to

study the particle size and packing distribution of reaction heterogeneities in the LFP PBR.
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Chapter II. Analysis of Chemical and Electrochemical
Lithiation/Delithiation of a Lithium-lon Cathode Material

2.1 Overview

In this chapter, we compared the chemical lithiation/delithiation kinetics with the well-studied
electrochemical lithiation/delithiation of lithium iron phosphate (LiFePOs). Chemical redox on
LiFePO4 by ferrocene derivatives as redox shuttles was analyzed using in-operando ultraviolet-
visible spectroscopy. The kinetics and phase transformations of chemical and electrochemical
redox were calculated using Johnson-Mehl-Avrami-Erofeyev-Kolmogorov (JMAEK) model.
Phase transformation of Li- rich and Li- poor LiFePO4 was found to be asymmetric for chemical
lithiation/delithiation; which was not found to be the case for electrochemical
lithiation/delithiation. Furthermore, under the experimental conditions chemical redox was found

to have slower kinetics and higher activation energy than electrochemical redox.
Elements of this chapter have been published in Journal of The Electrochemical Society:

Gupta, D., & Koenig Jr, G. M. (2020). Analysis of Chemical and Electrochemical
Lithiation/Delithiation of a Lithium-lon Cathode Material. Journal of The Electrochemical

Society, 167(2), 020537.
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2.2 Abstract

Redox targeting reactions between lithium-ion battery materials and redox shuttles has been
proposed to design high energy density redox flow batteries. Designing these batteries would
require a deeper understanding of the kinetics of redox targeting reactions and the phase
transformation of the materials involved. In this study, the oxidation and reduction of lithium iron
phosphate, LiFePO4, via chemical and electrochemical routes will be compared. Ultraviolet-
visible spectroscopy was used as a technique to characterize the extent of chemical
lithiation/delithiation during chemical redox of LiFePO4, while the electrochemical redox was
characterized using battery coin cells. The kinetic parameters extracted using Johnson-Mehl-
Avrami-Erofeyev-Kolomogorov (JMAEK) model suggested that chemical redox was slower than
electrochemical redox within the experimental regimes. Calculated apparent activation energies
suggested the limitations in the chemical redox rate were due to different processes than the
electrochemical redox. In addition, asymmetry observed for oxidation and reduction of LiFePO4
materials will be discussed. As pairs of solid battery electroactive particles and soluble redox
shuttles are designed, tools and analysis such as those in this study will be needed for interrogating
and comparing electrochemical and chemical oxidation and reduction of the solid particles to

understand and design these systems.
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2.3 Introduction

Soluble redox-active compounds (e.g., redox shuttles), and their use to promote chemical reduction
and oxidation of solid electroactive lithium-ion (Li-ion) materials, have been under investigation
for a number of years '°. The most common target application for these materials has been
providing overcharge protection via “redox shuttling”, where for example the soluble redox shuttle
will oxidize at a potential above the cathode material but below an undesirable value for the
electrode and electrolyte to be exposed °. Redox shuttles have also been reported for photo-assisted
rechargeable Li-ion batteries where the redox shuttles facilitate lowering the potential required to
delithiate the cathode and charge the battery when exposed to light &’. Due to the relatively high
potentials needed to protect Li-ion cathode materials and low potentials to protect Li-ion anode
materials, redox shuttles themselves have been suggested and explored for organic flow battery
applications 8. Pairing a Li-ion anode and cathode redox shuttle has resulted in cell voltages which
exceed that for conventional flow batteries ®°. However, the energy density of an organic flow
battery (e.g., <40 Wh I'Y) 11 will still be limited by the concentration of the redox shuttles, which
can be limited by solubility and/or stability to values that result in volumetric energy densities
much lower than conventional Li-ion batteries (600-650 Wh I'Y) 12 . Recently, Huang et al. reported
the use of redox shuttles as mediators to chemically charge/discharge Li-ion solid electroactive
materials in a flow battery design, where the redox shuttles were still used in an electrochemical
cell to provide power, but the energy was stored in solid electrochemically active particles 3. This
configuration took advantage of the high volumetric energy density of solid Li-ion active materials
and the high power density provided by electrochemical oxidation/reduction of soluble species in
a high surface area flow battery electrochemical cell ** . One tradeoff for this type of flow battery
was that for both the anode and cathode there must be a combination of redox shuttles (or a
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multielectron shuttle) that has a potential high enough to drive chemical oxidation of the solid
active material and low enough to drive chemical reduction of the active material *°. These
requirements thus result in a voltage efficiency penalty for charge and discharge in the cell due to
the need to accommodate the chemical redox driving forces. However, very few studies have
investigated the kinetics of the chemical redox between redox shuttles and Li-ion active materials,

which will be needed to understand and potentially optimize these materials 167,

Compared to electrochemical redox, there have been fewer reports quantifying the
chemical redox of Li-ion battery materials. Among them, reports by Schougaard group 1820
focused on the delithiation/lithiation of LiFePO4 (LFP) by strong oxidizing/reducing agents in
excess accompanied by experimental conditions (e.g., vigorous stirring) which remove the
transport limitations arising from the oxidizing/reducing agents in the bulk reaching the surface of
the active material particles. The kinetic data thus collected using in-situ XRD '8, atomic emission
spectroscopy *°, or ultraviolet-visible (UV-Vis) photometry 2° were primarily attributed to the
intrinsic transport limitations of Li*/e” through LFP particles. In another study done by Jennings et
al. 2%, films made of nanoparticulate LFP particles were reacted with ferrocene-based shuttles and
modeled with a 1-D diffusion reaction model under excess LFP concentration conditions. Another
work by Yan et al. ?? used feedback mode of scanning electrochemical microscopy to determine
the rate constant for blended pellets comprised of both LFP and FePO4 (FP). None of these studies,
however, included a detailed characterization of both chemical and electrochemical redox of the

electrode material under investigation.

In this study, we have investigated the chemical lithiation/delithiation reaction of LFP (and
FP formed from delithiation of LFP) using a pair of ferrocene derivatives and juxtaposed these

results against electrochemical potentiostatic lithiation/delithiation of the same electroactive
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particles. LFP has been targeted as a commercial cathode material for its high specific energy
density (theoretical ~170 mAh g*), excellent rate capability, safety, and stability as an electrode
material for mediated flow battery applications 2. The success of LFP as a commercial electrode
material has been accompanied by extensive research about its phase transformation and redox
kinetics characterized electrochemically, providing a literature for results comparison. A particular
additional desirable attribute of LFP for this study was the two-phase behavior of LFP-rich to LFP-
poor transformation, which provided charge/discharge plateaus at relatively constant potentials 2.
This attribute allowed for an approximately constant potential for the LFP when reacting with the
redox shuttles during chemical redox. This present study is the first to quantify both oxidation and
reduction of the electroactive material by redox shuttles and to compare to electrochemical
processes for the same materials. UV-Vis spectroscopy will be shown to be a simple and robust
tool to estimate chemical redox kinetics for systems with appropriate redox shuttles. However,
experimental limitations of concentration regimes due to the use of UV-Vis spectroscopy limited

the ability of this study explore higher concentrations of the redox shuttles.
2.4 Experimental

2.4.1 Materials Preparation and Redox Shuttle Characterization

LFP (Xiamen TOB New Energy Technology, China) was purchased from a commercial supplier
and used as received. The LFP used did not undergo a carbon-coating process in its production. In
chemical redox experiments with a redox shuttle and FePO4 (FP), the LFP was first oxidized to FP
by stirring vigorously in a solution of 2.4 mol% hydrogen peroxide and 0.1 mol% acetic acid in
distilled water for 30 minutes following a previously reported procedure °. The delithiated product

was characterized using inductively coupled plasma- optical emission spectrometry (ICP-OES,
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Perkin Elmer Optima 8000) and was found to be 96.5% delithiated (see Appendix A, Table S1).
Conversion from LFP to delithiated FP was also confirmed using powder X-ray diffraction (XRD,
Panalytical X’ pert diffractometer) and the patterns can be found in Appendix A, Figure Al. The
XRD patterns for LFP and FP were consistent with previous literature reports for these two

materials %°.

Ferrocene (Fc, Sigma Aldrich) and 1, 1’-dibromoferrocene (FcBr», (Fischer Scientific) redox
shuttles were dissolved into an electrolyte solution of 1.2 M LiPFe in 3:7 vol % ethylene carbonate:
ethyl methyl carbonate (Gotion Inc.). All experiments with the redox shuttles were conducted in
an argon-filled glove box (H.O < 1 ppm, Oz < 1 ppm). The half-wave potentials of the redox
shuttles were measured to be 3.6 V vs Li/Li* and 3.25 V vs Li/Li* for FcBr; and Fc, respectively,
using cyclic voltammetry at a scan rate of 10 mV s in a custom-built glass electrochemical cell

(for description of the custom cell and cyclic voltammograms see Appendix A, Figure A2).
2.4.2 Chemical Redox of LFP/FP with Redox Shuttles

Chemical reduction of FP with Fc was conducted by preparing an 8 mM solution of Fc
dissolved in the carbonate solvent electrolyte solution. Separately, FP powder, which had been
thoroughly dried and stored in the glove box, was carefully weighed outside the glove box after
addition to a cuvette (Spectrocell) which had also been dried in a vacuum oven at 80 °C. The range
in the mass of FP used in experiments was 1.2-1.5 mg. A small stir bar was added, and then the
cuvette was sealed with a cap containing a septum. The cuvette was placed into an UV-Vis
spectrometer (Perkin-Elmer) within a cuvette holder that included a Peltier heater and the holder
was set to the desired reaction temperature and allowed to equilibrate. The Fc-containing
electrolyte solution was heated to the desired reaction temperature and then injected all at once

into the cuvette through the septum. The cuvette holder also had stirring capability and a stir rate
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of 60 rpm was initiated with the addition of the Fc-containing solution. UV-Vis scans were
performed from 400-700 nm at a scan rate of 10 nm s* at a time resolution of 5 minutes throughout

the Fc/FP chemical redox process.

Oxidation of LFP with FcBr," was conducted in the same manner as the Fc/FP experiment
described above except that 1) the initial concentration of FcBr.* was 2 mM, and 2) FcBr; had to
first be oxidized to FcBr.*. Oxidation of FcBr, was conducted electrochemically using a custom
electrolysis cell (see Appendix A, Figure A2) by applying a constant potential of 4 V (vs. Li/Li*
via a Li foil counter/reference electrode) to a Pt wire working electrode in a stirred solution until
the coulombs of charge that were recorded were equal to the theoretical value based on 1 mol of
e per mol of FcBr» in the solution. The ion exchange membrane in the electrochemical cell was a
blend of polyvinylidene difluoride and Nafion and was prepared using a procedure from the
literature 2. UV-Vis scans during FcBr2*/LFP chemical redox were performed from 500-800 nm
at a scan rate of 10 nm s* at a time resolution of 2 minutes. Three replicates were performed for

chemical redox experiments at each temperature.
2.4.3 Electrochemical Redox of LFP/FP

Electrochemical oxidation of LFP and reduction of FP was conducted in 2032-type coin cells.
Cathodes were fabricated by casting a slurry of 80:10:10 wt% of LFP:carbon black: polyvinylidene
difluoride in N-methyl-2-pyrrolidene onto an aluminum current collector using a doctor blade with
a 125-um gap. The cathodes were dried overnight at 80 °C in an ambient oven, and further dried
for additional two hours at 80 °C in a vacuum oven. The electrodes were measured with a digital
micrometer to be ~70 pum thick and had a loading of 10-14 mg LFP within the 1.6 cm? punched
electrode. LFP cathodes were paired with a metallic Li foil anode separated by a Celgard 2325

separator, and the electrolyte was 1.2 M LiPFg in 3:7 vol % ethylene carbonate:ethyl methyl
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carbonate. The cells were cycled at room temperature for 13 charge/discharge cycles with cutoff
voltages of 4.0 V and 2.5 V at rates ranging from C/20 to 1 C (where 1C was defined as 160 mA
g LFP) on a MACCOR cycler. The cells were charged/discharged at C/20 (three times), C/10
(two times), C/5 (two times), C/2 (two times), 1 C (two times), and C/20 (two times). A minimum
of 150 mAh g LFP at C/20, 80 mAh g LFP at 1 C, and more than 98% capacity retention in the
last 2 cycles relative to the 2" cycle was considered an acceptance criteria for a cell to be used for
lithiation/delithiation kinetics characterization testing. Representative rate capability data can be
found in Appendix A, Figure A3. For evaluation of kinetic parameters of the LFP/FP,
electrochemical testing was conducted in a temperature-controlled incubator (VWR). The
temperature-controlled experiments were conducted with a Biologic SP-150 potentiostat. Cells
were equilibrated for 4 h at a given set temperature before conducting electrochemical evaluation.
For electrochemical oxidation of LFP, a constant potential of 3.6 VV was applied until the current
dropped to below C/20 (8 mA g LFP). The cell was then allowed to rest for 1 h, after which it
was charged at C/10 until reaching a cutoff voltage of 4.0 V. After reaching this completely
charged stage (>99% FP based on mAh of charge measured), a cell was allowed to rest for 1 h.
The potential was then set at 3.25 V to discharge the cell until the current dropped below C/20 (8
mA g LFP/FP), the cell was allowed to rest for 1 h, and then the cell was discharged at C/10 to a
cutoff discharge voltage of 2.5 V to convert the active material back to the LFP form. Cells were
charged and discharged three times at each temperature. Three independent cells were evaluated

using this procedure.

2.5 Results

2.5.1 Chemical oxidation/reduction using redox shuttles
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Among the molecular moieties available for chemical oxidation and reduction of Li-ion
cathode material, metallocenes (e.g. ferrocene (Fc), nickelocene) are readily commercially
available in a variety of redox potentials. These compounds consist of transition metals
sandwiched between aromatic cyclopentadienyl rings (CsHs"), and the rings may be functionalized
to shift the redox potential of the transition metal 2°. Many of these compounds have highly
reversible electrochemical redox, stability in commonly used Li-ion battery electrolytes, and
molecular tunability, thus there are shuttles available both to oxidize and reduce Li-ion cathode
materials 25, For the LFP material used in this study the redox potential was 3.45 V vs Li/Li*, thus
the metallocene redox shuttles chosen were 1,1°-dibromoferrocenium (FcBr2*) for LFP oxidation
(half-wave redox potential of 3.6 V vs Li/Li*). Similarly, Fc was used for reduction of FP (half-

wave redox potential of 3.25 V vs Li/Li*). The relevant chemical oxidation/reduction reactions for

LFP/FP are:
LiFePOs + FcBr2* — FePOs + Li* + FcBr 1)
FePO, + Fc + Li* — LiFePO4 + Fc* )

To quantify the progression of chemical redox reactions between the redox shuttles and
solid particles, the extinction peaks from UV-Vis spectrum were used. The intensity of UV-Vis
peaks have been widely used for determination of the concentration of dissolved species in general
2 For example, in this study when tracking the reaction progression of FcBr2* with LFP, the UV-
Vis spectra for FcBr2" was used. FcBr2* has a uniquely distinguishable peak at 705 nm (Figure
1a), and for a known initial concentration of FcBr," this peak can be used to quantitatively track
the extent of reduction of FcBr2" in solution back to FcBrz. Reduction of FcBr,™ was assumed to

only be due to the oxidation of LFP via the reaction in Eq. 1. Thus, through tracking the UV-Vis
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peak for FcBr," the extent of chemical oxidation and delithiation of LFP by FcBr,* was monitored.
An example of the progression of the FcBr2* oxidation peak at 705 nm after contacting LFP can
be found in Figure 1a. Each extinction spectrum required nearly 30 seconds to collect within the
wavelength range investigated, and spectra were continuously collected for 90 minutes at an
interval of 2 minutes. For these experiments, LFP was used as received; however, as mentioned in
the Experimental section the FcBr2 was electrochemically oxidized before use (to > 98% FcBr»*
as determined by coulometry). Before conducting chemical redox experiments such as those found
in Figure 1, first the range of redox shuttle concentrations that were accessible with the technique
was determined. For UV-Vis peaks, at too low of a concentration a species will not be detectable
and at too high of a concentration the linear assumption between the peak magnitude and
concentration no longer holds. A dilution series was conducted with FcBr2™ (see Appendix A,
Figure A4), and it was determined that to stay within the linear regime for the UV-Vis
measurements that the FcBr2" should not exceed ~2.5 mM. It was also noted that the particles
contribute to measured extinction through scattering of the UV-Vis incident light without
selectivity for particular wavelengths. To avoid the scattering from the particles saturating the
extinction that could be measured, the LFP particle concentration was limited to ~0.5 mg mL™.
The particle concentration was typically at the upper limit of ~0.5 mg mL™ because very low

particle concentrations were difficult to accurately weigh.
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Figure 1. UV-Vis spectra taken at different times during a) the oxidation of LFP with FcBrz2*
and b) the reduction of FP with Fc. Curves in a) and b) correspond to 0 min (blue), 30 min

(black), 60 min (green) and, 90 min (red). The temperature for both experiments was 35°C.

The other chemical redox conducted in this study was the reduction of FP with Fc, depicted
in the reaction in Eq. 2. Chemical reduction of FP was described in the Experimental section, and
the FP powder had ~96.5% removal of lithium relative to the initial LFP powder. Fc* has a unique

peak at 615 nm (Figure 1b), and thus similar to the analysis described above for the chemical redox
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of FcBr." and LFP, it was assumed that the oxidation of Fc was only due to reduction of FP. This
meant the reduction and lithiation of FP could be monitored by tracking the magnitude of the Fc*
peak. A dilution series was conducted for Fc*, and the results can be found in the Appendix A,
Figure A5. For Fc*, the maximum concentration that could be used with the UV-Vis technique
was determined to be ~8 mM. Similar to the LFP particles, due to the scattering from the FP

particles the targeted particle concentration was ~0.5 mg ml™.
2.5.2 Chemical Redox at Varying Temperatures-

The sections above described how the concentration of FcBr." and Fc* were monitored
using UV-Vis in order to track the relative extent of delithiation and lithiation of LFP and FP,
respectively. For quantitative analysis and comparison between both these redox processes and the
electrochemical oxidation of LFP and reduction of FP, the chemical redox reactions were
monitored at different temperatures. Three representative experiments of the oxidation LFP with
FcBr2* at temperatures of 25°C, 35°C, and 45°C are shown in Figure 2. Both the FcBr2*
concentration which was determined from the magnitude of the 705 nm UV-Vis peak (Figure 2a)
and the corresponding extent of delithiation (and oxidation) of LFP (Figure 2b) are shown. The
control experiment without LFP added to the solution at the most aggressive reaction condition of
45°C resulted in reduction of 2% of the FcBr," after 90 minutes, indicating the redox shuttle was
stable in the solution during the time course of the experiments and that nearly all of the reduction
of the redox shuttle was due to the presence of LFP added to the solution (see Appendix A, Figure
AB). The chemical redox between FcBr," and LFP proceeds at an increased rate for increasing
temperature, with the FcBr2" being nearly completely reduced at 45°C. This suggested that the
reaction has an activation barrier that has sensitivity to an increase in temperature, which led to

additional analysis of the apparent activation energy of this process as will be described in the
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Discussion section. For the highest temperature, the extent of delithiation of LFP at 90 minutes

was 70%.
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Figure 2. a) FcBr2* concentration and b) extent of delithiation of LFP as a function of time
during the first 90 minutes of the chemical redox reaction between the two species at 25 °C

(gray circles), 35 °C (orange triangles), and 45 °C (blue squares).
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Complementary experiments were also conducted for the reduction of FP with Fc, at 25°C,
35°C, and 45°C. Representative results can be found in Figure 3. The Fc™ concentration was
determined from the UV-Vis peak magnitude at 615 nm (Figure 1b), and the lithiation and
reduction of FP was determined by assuming every electron lost to form Fc* went to an FP particle
(Figure 3b). It is noted control experiments of Fc without FP added indicated the Fc was very
stable to oxidation in the electrolyte in general (See Appendix A, Figure A7). Inspection of Figure
3 revealed that as the temperature was increased that both the rate of the chemical redox reaction
and the extent of the lithiation of the solid particles after 90 minutes were greater. However, the
chemical redox reaction was slower for the Fc/FP system relative to the FcBr2*/LFP system. For
example, after 40 minutes at the highest temperature (45 °C), the LFP particles had reached 55%
oxidation while the FP particles had reached 45% reduction. The total volume of the reaction
solution and the target mass loading for the solid particles was the same as for the FcBry*/LFP
redox reaction (and the FP and LFP were from the same source particles, thus the surface area of
the solid electroactive material was the same in both experiments), however, the reduction of
FcBr2* proceeded much faster than the oxidation of Fc at all conditions. Due to the greater
absorption coefficient for FcBr. relative to Fc, a smaller initial concentration of FcBr2™ had to be
used (2 mM as opposed to 8 mM). This resulted in FcBr2* being the limiting reagent in the chemical
redox process, with a molar ratio of 0.75:1 FcBr.":LFP as opposed to 3:1 Fc:FP. All experiments
were conducted using the same cells and mixing conditions. Both redox shuttles would be expected
to have similar diffusion coefficients, although FcBr. would be expected to be slightly lower due
to the higher molecular weight 2°. Given that FcBr2* had lower concentration and lower expected
diffusion coefficient than Fc, the observed higher reaction rate would suggest the kinetics of the

FcBr2*/LFP reaction were intrinsically faster than those of the Fc/FP reaction. The root cause of
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the intrinsic Kinetic difference is still under investigation; however, as will be discussed in more
detail later it was suspected that both of the chemical redox processes were impacted by mass

transport limitations.
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Figure 3. a) Fc* concentration from UV-Vis measurements and b) corresponding extent of

lithiation of FP as a function of time during the first 90 minutes of the chemical redox
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reaction between the two species at 25 °C (gray circles), 35 °C (orange triangles), and 45 °C

(blue squares).

2.5.3 Electrochemical delithiation/lithiation of LFP/FP-

To compare chemical lithiation/delithiation with electrochemical lithiation/delithiation,
2032-type coin cells with LFP as cathode and Li foil as anode were constructed. When the
electrode active material was in the lithiated state (LFP), the delithiation and oxidation of LFP was
conducted by applying a constant potential of 3.6V (vs. Li/Li"). When the electrode active material
was in the delithiated state (FP), reduction and lithiation was conducted by applying a constant
potential of 3.25 V (vs. Li/Li*). The constant potential electrochemical oxidation and reduction
experiments were conducted at three temperatures: 25 °C, 35 °C, and 45 °C. Assuming that the
measured current was only due to the oxidation of LFP during charge and reduction of FP during
discharge, the extent of lithiation as a function of time was calculated for each electrochemical
reaction (oxidation of LFP and reduction of FP in Figures 4a and 4b, respectively).
Electrochemical oxidation and reduction of the electrode materials at all temperatures reached
more than 90%, and as the temperature was increased the cell achieved conversion faster. This
temperature dependence also suggested an activation barrier that could be overcome with elevation
of temperature for the electrochemical redox processes. The lithiation of FP (Figure 4a) proceeded
slower than delithiation of LFP (Figure 4b) at all temperatures. Note that the same electrodes were
used for all electrochemical cycling experiments, thus differences in the rate of electrochemical
redox reflect asymmetry in the reversible redox of the LFP active material loaded into the electrode
and do not reflect variation in cell or electrode fabrication or impacts from processing the LFP to
FP 28 (because there was not a chemical oxidation step applied to the LFP for the coin cell

electrodes — FP was electrochemically produced).
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Figure 4. a) Extent of electrochemical delithiation and oxidation of LFP within a
composite electrode, starting from the fully lithiated state, during a chronoamperometry
experiment held at 3.6 V (vs. Li/Li*). b) Extent of electrochemical lithiation and reduction
of FP within a composite electrode, starting from the fully delithiated state, during a
chronoamperometry experiment held at a potential of 3.25 V (vs. Li/Li*). The composite

LFP cathode was paired with a lithium metal foil anode. Both a) and b) were completed
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using the same coin cell. The chronoamperometry was conducted at different

temperatures of 25 °C (blue dashed), 35 °C (solid orange), and 45 °C (black dots).
2.5.4 Johnson-Mehl-Avrami-Erofeyev-Kolmogorov (JMAEK) Analysis

Both chemical and electrochemical redox of LFP and FP were analyzed using the Johnson-
Mehl-Avrami-Erofeyev-Kolmogorov (JMAEK) equation 2°3!, JMAEK is a solid-state model
developed for phase transformations that assumes single step nucleation, infinite system volume,
and homogeneous distribution of nucleation sites within the system volume. This model has
previously been applied to lithiation and delithiation of FP/LFP materials, with the assumption of
the limiting step being nucleation and propagation of the conversion of FP to/from LFP (or
correspondingly lithiation or delithiation of the active material phase which includes the transport
of Li* and e) 29283234 The first step was to use the experimentally obtained fractional conversion

of FP/LFP (e.g., Figures 2b, 3b, and 4) and to apply these outcomes using Equation 3:
f=1—-exp(=kt)" @)

where f is the volume fraction of the material that has been delithiated/lithiated during the reaction,
k is a first order rate constant, t is time, and n indicates Avrami exponent, which is related to the

dimensionality of growth. n can be written as
n=a+bc (4)

where a is the nucleation index defined as N = t®. N is the number of nuclei per unit volume and
t is time. b is the dimensionality of the growth and b = 1, 2, 3 for 1-D, 2-D, and 3-D growth,
respectively. c is the growth index of the transformation and can take the value 1 for phase
boundary control or 0.5 for diffusion-controlled growth. Figure 5 shows the dependence of rate

constant on temperature during chemical oxidation of LFP (Figure 5a), chemical reduction of FP
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(Figure 5b), electrochemical oxidation of LFP (Figure 5c), and electrochemical reduction of FP

(Figure 5d).
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Figure 5. Rate constant as a function of temperature determined for each experiment using
either chemical (a, b) or electrochemical (c, d) redox. a) and c) are for delithiation and
oxidation of LFP and b) and d) are for lithiation and reduction of FP. Note that there are

three independent measurements and the corresponding data points at each temperature.

Plots of log (log (-(1-f))) against log t (see Appendix A, Figure A8 for representative plots for
chemical redox at three temperatures) give n and k for reactions (1) and (2) (Table 1). For chemical
redox, n was determined to range from 0.23-0.77. For LFP chemical oxidation, n varied from 0.2-
0.4 and FP chemical reduction, n varied from 0.7-0.8. n did not follow any clear trend for
increasing temperature. For electrochemical redox n was in the range of 0.57-0.65, with the

coefficient of determination >95%, and decreased with temperature. The rate constant k as
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expected increased with temperature for both chemical and electrochemical redox. k lied between
0.01-0.32 min for chemical redox and 0.34-0.63 min™ for electrochemical redox. In the Avrami
analysis done by Schougaard group, n for chemical oxidation was reported to be 0.6 and k in the
range of 0.1-6.5 min (in temperature range 7-58 °C) ?° and the model was not found to capture
chemical reduction of LFP °. For electrochemical reduction, Allen et al.*23 estimated n ~1 and k
between 0.014-0.036 min™ for the temperature range of 0-22 °C. Other studies conducted on
electrochemical redox of LFP that include Avrami analysis demonstrated that n decreases with

applied overpotential 2834,

Table 1. Avrami exponent (n), nucleation index (a), and first order rate constant (k) for LFP

oxidation and FP reduction, each done using chemical and electrochemical methods.

LFP Oxidation | Chemical Electrochemical

Temperature n a k n a k

25 0.23 -0.27 0.01 0.64 0.14 0.36
35 0.36 -0.14 0.10 0.60 0.10 0.52
45 0.38 -0.12 0.15 0.57 0.07 0.61
FP Reduction | Chemical Electrochemical

Temperature n a k n a k

25 0.84 0.34 0.01 0.61 0.11 0.37
35 0.72 0.22 0.02 0.60 0.10 0.50
45 0.77 0.27 0.04 0.60 0.10 0.54
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2.5.5 Chemical Redox-

Using the experimental conditions and the Nernst equation ®, it was found that just from
changes in bulk concentration during the chemical redox reaction that the potential difference
between the redox shuttles and electroactive LFP/FP powder decreased up to 8 mV and 30 mV for
oxidation of LFP with FcBr." and reduction of FP with Fc, respectively. This calculation of
potential difference assumed the potential of the LFP or FP was constant and that changes were
due to changes in the concentration of the oxidized or reduced state of the redox shuttle in bulk
solution. The decrease in the thermodynamic driving force was in part responsible for the more
gradual chemical conversion of FP/LFP by redox shuttles as shown in Figures 2a and 3a, and the
decrease in the local concentration of the redox shuttle in the reactant form near the particle
interface would further reduce this driving force. Changes in the concentration of redox shuttles
will affect the rate of the chemical redox reaction through impacts in thermodynamic, transport,
and kinetic driving forces. The limited concentration of redox shuttles was in contrast with
previous studies of chemical redox of LFP, where excess concentration of oxidant/reductant
ensured negligible change in thermodynamic driving force around LFP particles 12, As a result,
the calculated kcnem Values in these reports were about two orders of magnitude higher than values
estimated in this study. Jennings et al. reported kcnem in the range of ~0.02-0.1 min, which was
comparable to the values in this study?!. However, that study employed static LFP films at varying
states of charge; the LFP film (excess reactant) was treated with low concentration redox shuttles
diffusing from a constant distance. Another study that used low concentration redox shuttle was
the chemical redox kinetics determined using scanning electrochemical microscopy by Yan et al.
22 \where the lithiation/delithiation of dense LFP/FP pellets by redox shuttles was diffusion

controlled, and the rate constant was interpreted in the context of interfacial charge transfer
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(reported in the range of 3.70-6.57 x10° cm s?) between redox shuttle and LFP/FP pellets. The
calculated rate constant had a quasi-linear dependence on the LFP:FP ratio in the pellet and
depended strongly upon pretreatment. Our work differs from these studies as the continuous
lithiation/delithiation of LFP particles was monitored while introducing mild mixing. Another
reason for chemical reduction of FP being slower than chemical oxidation of LFP in addition to
the potential difference between the particles and redox shuttles may have been the intrinsic
material performance. Coin cells made using FP obtained from oxidation of LFP using H20>
showed a sloping discharge potential on the first discharge rather than a flat plateau (Appendix A.
Figure S9). Interestingly, the material recovered the flat charge/discharge behavior for all
subsequent cycles; however, for the chemical redox experiment the first cycle would reflect the
potential difference with the redox shuttle. The sloping profile suggested that the driving force for
reduction of FP with Fc was even lower than expected. It is noted that similar degradation of
electrochemical performance of LFP in vigorously stirred aqgueous suspensions has been reported

previously 3¢.
2.6 Discussion

When the averages of chemical rate constants were compared against electrochemical rate
constants (Table 1), Kechem > kcnem. This was because electrochemical redox offered constant
potentiostatic conditions, whereas in chemical redox both the mass transfer limitations increased
and the thermodynamic driving force for reaction decreased with time as the redox shuttles
participated in the reaction, where both effects would result in a lower rate of redox reaction near
the FP/LFP particle interface. In comparing electrochemical and chemical oxidation and reduction,

it is important to take into context the differing reaction processes for these two types of redox. As
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an example, chemical reduction of FP with Fc (Eg. 2) was proposed to progress through the main

following subset of steps (for cartoon schematic of the steps refer to Figure 6a):

1. Fc molecules diffuse from the bulk electrolyte solution to the surface of FP particles.

2. Fc molecule adsorbs on the surface of FP particles.

3. Fc reacts with FP (Fc — Fc* and Fe®*PO4 — Fe@*PQ,) creating a local negative potential on

FePOg4 particles.

4. Li" in the surrounding liquid diffuses in FePOg lattice, resulting in LixFePO4 and Li* progressing

through the solid to appropriate positions within the structure.

5. Fc* desorbs from the surface of LixFePOs to the bulk electrolyte solution.

In contrast, electrochemical reduction of FP in a Li anode half-cell was proposed to involve the
following main steps (for a cartoon schematic refer to Figure 6b):
1. At approximately constant potential (~0 V vs Li/Li*), Li anode undergoes electrochemical

oxidation and Li* ions were stripped off (Li — Li* + e-).

2. There was a net flux of Li* which transported from the Li metal foil surface to bulk electrolyte
solution. Simultaneously, electrons transport through the Li foil to the current collector and

external circuit.

3. Li" undergoes a net flux towards the cathode.
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4. Li* undergoes a net flux through the tortuous paths within the electrolyte phase of the porous

LixFePO;4 electrode.

5. Li* intercalates in the lattice of Fe®*PO, particle along with electrons which arrive from the
external circuit (Li* + Fe®*PO,4 + e -> LixFe®*POy) The electron would also need to conduct

through the current collector and the matrix of the electrode to the particles undergoing reaction.

6. Li* and e” undergo ambipolar co-diffusion through LixFePO4 lattice to appropriate sites.
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3.

Current Collector

Lithium Foil Anode

Separator |, =

FP Electrode [ 4,

6. Rate-limiting /=57
Step

Figure 6. Schematic of the steps for a) chemical reduction of FP using Fc as redox shuttle and
b) electrochemical reduction of FP in a half cell containing a lithium metal anode. Note that

cartoons are not drawn to scale.
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The limiting step for electrochemical intercalation/deintercalation is generally dependent
on the materials used and cell configuration, however, for LFP/FP in thin porous electrodes often
Step 6 has been assumed as the rate-limiting step for electrochemical redox 3”3, With the electrode
thickness of ~70-80 um used in this study, Li* diffusion through Li-rich or Li-poor LFP lattice was
assumed to be the limiting step in electrochemical redox. However, the reaction pathway of
chemical redox has not been extensively studied and can be strongly dependent on experimental
conditions. For example, in the study done by Weichert et al 3, on single large crystals of LFP
phase transformation during chemical delithiation suggested transport controlled phase growth.
They also found an induction period ranging several hours before the first layer of FP started
forming on the surface. The results shown in Figures 2a and 2b suggest no such induction period
for LFP to FP transition in this study, which likely reflected that for the much smaller particles
used in this study (=150 nm as opposed to ~2 mm used in %) that the limitations in chemical
lithiation/delithiation of LFP were not purely solid-state transport limited — though this step would
still be expected to impact the overall magnitude of the rate and apparent activation barrier. It is
also noted that for materials like LFP which have one dimensional diffusion channels, diffusion of
Li* is dependent on particle size as has been noted in the literature “°. Li* diffusion through
mesoscale agglomerates that dynamically form and dissociate in the chemical redox solution was
expected to be different and have greater variation relative to a fabricated electrode in a coin cell.
It is suspected that the variation and dynamic process of agglomerate formation was in part
responsible for the greater variance in the parameters determined for chemical redox relative to

electrochemical redox.

2.6.1 Avrami analysis
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Analysis with the JMAEK equation assumed conditions such as single step nucleation,
infinite availability for phase growth, and homogeneous distribution of nucleation sites. The
validity of JIMAEK analysis may not be necessarily true in the case of chemical redox as it was
not known whether it followed a single step nucleation, and the experimental conditions in the
UV-Vis experiment offer a finite volume for the system undergoing transformation. Stirring may
help in the distribution of nucleation sites i.e. solid Li-rich or Li-poor LFP particles, however, for
the relatively mild stirring used in these experiments the particles were not expected to be perfectly
homogeneously distributed. However, as noted in previous studies 2*3%4! IMAEK analysis might
fit the physical conditions of electrochemical redox if the LFP electrode can be approximated as
an infinite system with nucleation sites considered homogeneous at a secondary particle level. At
a potential difference of greater than or equal to 150 mV, electrochemical chronoamperometry of
LFP (Appendix A, Figure A10) was consistent with previous reports of a two-phase reaction 242,
which is the case when reaction proceeds by nucleation and growth hence being a suitable scenario
for IMAEK model. Additional mechanistic studies of chemical redox of battery active materials

will be needed to understand the nucleation mechanism and validate the model for phase growth.

For the same n values, a, b and, ¢ have been interpreted with regards to providing insights
into phase transformations. n for electrochemical redox has been consistently found to be close to
1 for LFP under various experimental conditions 32734, Allen et al. interpreted n values obtained
during electrochemical delithiation as two-dimensional growth (b = 2) with a diffusion controlled
mechanism (c=1/2), concluding instantaneous nucleation (a = 0). However, in-situ synchrotron X-
ray diffraction of LFP cathode has suggested phase transformations in nanoscale LFP have
lithiation/delithiation which proceeded at a steady rate accompanied by two-phase coexistence of
Li-rich and Li-poor domains*!. Therefore, in this study the results for electrochemical redox were
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interpreted similar to Xiang et al. **, with a one-dimensional (b = 1), diffusion limited growth (c =
0.5), and thus the variation 0.07 < a < 0.14 was a result of various parameters (temperature,
secondary particle size) impacting the nucleation kinetics. In chemical discharge where values
were calculated of a < 0.3, our speculation was that dispersed particles would undergo faster
lithiation than porous electrodes and would approach instantaneous nucleation. The observed
values of a < 0 during chemical oxidation of LFP indicated that the number of nuclei decreased
with time, and it was hypothesized that this outcome may have been a result of reaction conditions

causing near instantaneous nucleation of the dispersed LFP particles.

2.6.2 Apparent Activation Energy

Using the Arrhenius equation, the apparent activation energy, Ea, for the redox processes were
determined using plots of In k versus 1/T (see Appendix A, Figure A1l for Arrhenius plots of
oxidation of LFP and reduction of FP via chemical and electrochemical redox using the k values
from Table 1). Linear regression was used to get the apparent activation energy from the slope of
the regression line (—E, /R, with R the ideal gas constant). The results obtained from this analysis

can be found in Table 2.

Table 2: Apparent activation energy for chemical and electrochemical redox of LFP.

LFP Oxidation (kJ mol™) FP Reduction (kJ mol™)
Chemical 125+ 21 72 +15
Electrochemical 21+2 16 +3
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The apparent activation energy determined for chemical oxidation and reduction was
significantly higher than electrochemical oxidation and reduction for LFP/FP materials. This
indicated that the reaction pathway for chemical redox has a stronger dependence upon
temperature which may be due to a host of factors including mass transport limitations in redox
shuttle lean chemical oxidation versus particle lean chemical reduction, molecular structure of
redox shuttles used which may affect the shuttle-particle interaction, and/or the intrinsic material

performance of LFP/FP

The apparent activation energy for chemical oxidation and reduction of LFP/FP were
higher than the values reported by Lepage et al of 18.4 k] mol™ *®and Kuss et al. of 50 kJ mol* %
. However, these works employed more than tenfold excess of oxidizing agent accompanied by
vigorous stirring, thereby minimizing mass transport limitations in their reaction system and
providing a more constant thermodynamic driving force. Hence, values of apparent activation
energies are specific to the conditions/environment of oxidation/reduction of LFP/FP. The factors
affecting the apparent activation energy include concentration of solid electroactive species
relative to redox shuttles, total concentration of redox shuttles (affecting the heterogeneity of the
system and the thermodynamic driving force for redox), stirring rate (note in this study stirring
was sufficient to prevent localization of the reaction, but higher stirring which would have
improved mass transfer resulted in excessive agglomeration of LFP/FP), effective particle size,

and the temperature range.

In comparison, electrochemical redox had a much lower apparent activation energy than
chemical redox and the values observed in this report were in a similar range to the values reported
by Allen et al. 3, Maxisch et al. 43, and Takahashi et al. **. Electrochemical oxidation and reduction

also had similar activation energy. This was in agreement with the values reported by Oyama et al
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28 confirming that in bulk electrode phase boundary movement was symmetric for oxidation and

reduction of LFP.

2.7 Conclusions

In this work, ultraviolet-visible spectroscopy was used to monitor the chemical oxidation and
reduction of a Li-ion battery electrode material facilitated by redox shuttles. Due to limitations in
the ranges of detection using the technique, relatively low concentrations of both the active
material particles and redox shuttles were used in the suspensions. To better understand the
processes involved, the chemical redox experiments were compared in the context of
electrochemical oxidation and reduction of the same electrode material. Relative to the
electrochemical redox, the chemical redox was a much slower process. Analysis of the conversion
of the redox processes as a function of time revealed that the first order rate constants were
consistently higher for electrochemical redox, and that the apparent activation energy for the
chemical redox was much larger. IMAEK analysis indicated that the phase transformations and
reaction pathways were also different for electrochemical and chemical redox for the same
materials. This study reported a robust method for tracking the progress of chemical redox
reactions between Li-ion battery active materials and redox shuttles, requiring only a unique
signature in the extinction spectra for the redox shuttle. In addition, this report demonstrates both
the importance and challenges in evaluating both oxidation and reduction via both chemical and
electrochemical means for Li-ion active materials. Understanding the chemical redox between
redox shuttles and Li-ion active materials is important for a number of applications, including

redox shuttle overcharge protection in Li-ion batteries and shuttle-mediated flow batteries 1>4°,
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Chapter I11. Comparative Analysis of Chemical Redox between Redox Shuttles
and a Lithium-lon Cathode Material via Electrochemical Analysis of Redox

Shuttle Conversion

3.1 Overview

In this chapter, six ferrocene-based redox shuttles are investigated for the overpotential and steric
effects dependence upon delithiation/lithiation Kinetics of LiFePOs. The reaction kinetics and
phase transformation redox shuttles and LiFePO4 were estimated using two Kinetic models,
Johnson-Mehl-Avrami-Erofeyev-Kolomogorov model and 1-D diffusion model. To optimize the
relative molar ratio of LFP/FP and redox shuttle, three particle loadings were studied- particle-
rich, equimolar and, particle lean. It was found that the overpotential and steric effects did not play
a significant role in the reaction kinetics of our system. In this chapter, a robust method for testing
shuttles at high concentration for use in chemical redox is presented, along with guidelines to

designing them.

Elements of this chapter have been published in Journal of The Electrochemical Society:

= D. Gupta, C. Cai, G.M. Koenig, Comparative Analysis of Chemical Redox between
Redox Shuttles and a Lithium-lon Cathode Material via Electrochemical Analysis of
Redox Shuttle Conversion, J. Electrochem. Soc. 168 (2021) 050546.

https://doi.org/10.1149/1945-7111/ac0068.

Author contribution:

C.Cai: Implementation of 1 D diffusion model
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3.2 Abstract

Chemical redox reactions between redox shuttles and lithium-ion battery particles have
applications in electrochemical systems including redox-mediated flow batteries, photo-assisted
lithium-ion batteries, and lithium-ion battery overcharge protection. These previous studies,
combined with interest in chemical redox of battery materials in general, has resulted in previous
reports of the chemical oxidation and/or reduction of solid lithium-ion materials. However, in
many of these reports, a single redox shuttle is the focus and/or the experimental conditions are
relatively limited. Herein, a study of chemical redox for a series of redox shuttles reacted with a
lithium-ion battery cathode material will be reported. Both oxidation and reduction of the solid
material with redox shuttles as a function of time will be probed using ferrocene derivatives with
different half-wave potentials. The progression of the chemical redox was tracked by using
electrochemical analysis of the redox shuttles in a custom electrochemical cell, and rate constants
for chemical redox were extracted from the using two different models. This study provides
evidence that redox shuttle-particle interactions play a role in the overall reaction rate, and more
broadly support that this experimental method dependent on electrochemical analysis can be
applied for comparison of redox shuttles reacting with solid electroactive materials.
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3.3 Introduction

Chemical redox between solid lithium (Li)-ion battery active materials and dissolved
redox-active species (i.e., redox shuttles) has relevance in several electrochemical systems and
applications including battery overcharge protection 1, redox-mediated flow batteries >°, and
photo-assisted rechargeable Li-ion batteries 1%, The chemical redox process involves charge
transfer between solid electroactive particles and soluble redox shuttles within an electrolyte.
While the choice of solid active material to be used in a Li-ion battery is a thoroughly researched
and constantly evolving field, the selection principles and properties for redox shuttles for the
multiple applications mentioned above have not been as comprehensively investigated and
reported. This study aims to achieve progress towards methods to rationally compare the properties
of several redox shuttles desired for pairing for redox reactions with a target solid electroactive
material.

In addition to measuring relative properties of the redox shuttles, in particular reaction rates
under equivalent conditions, systematic study of several redox shuttles is expected to give insights
into the interactions between the redox shuttles and the solid electroactive materials 2%, It was
previously proposed that the process for redox reactions between redox shuttles and solid active
materials proceeds through a multistep process where the shuttle diffuses to the surface of the solid
particles, adsorbs, undergoes electron transfer, and desorbs 2. The structure and composition of
the redox shuttle, and interactions between the redox shuttle and solid electroactive material, would
be expected to influence the overall redox reaction rate. The specific limiting process in the overall
reaction will influence the extent to which different interactions impact the overall redox reaction
rate. To the authors’ knowledge, detailed understanding of how redox shuttle properties and

composition, including chemical functional moieties and the electrochemical potentials of the
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redox shuttles, impact rates of chemical redox with battery active materials has not been reported.
A detailed model and understanding of the chemical redox reaction is outside of the scope of this
manuscript, however, this initial study will report an experimental system for assessing the reaction
rate of different redox shuttles with solid electroactive materials. This work will also provide
insights into challenges in making these measurements and how different chemical modifications
to the redox shuttles influenced the redox reaction rate.

The solid electroactive material chosen for this study was the cathode material LiFePO4
(LFP), as well as its oxidized and delithiated form FePO4 (FP)®. Chemical oxidation/delithiation
of LFP, and reduction/lithiation of FP, is represented by equations (1) and (2), respectively.

LiFePO, + RS}, - FePO, + Li* + RS,, (1)
FePO, + RS,¢q + Li* > LiFePO, + RS, 2

where RS, is a redox shuttle used for the oxidation of LFP and RS,..4 is a redox shuttle used for
the reduction of FP. The redox shuttles used in this manuscript have a net charge of either neutral
or +1, however, other charge states for redox shuttles are possible!>!’. To be thermodynamically
favorable, the redox potential of RS,, must be higher than LFP whereas, the redox potential of
RS,.q must be lower than that of FP. LFP has been previously studied for both chemical and
electrochemical redox, and electrochemical oxidation/reduction of this material occurs at a
relatively flat potential as a function of extent of lithiation near 3.45 V vs. Li/Li* ®°. LFP thus
has two attributes that make it well suited to chemical redox investigations: i) a relatively constant
potential for oxidation or reduction, meaning that any potential difference and effective
thermodynamic driving force will be dictated by the redox shuttle chemistry and conditions for a

wide range of extents of lithiation of the solid electroactive material and, ii) there is a wide range
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of oxidizing potentials available for appropriate redox shuttles that will still be within the

thermodynamic stability window of common Li-ion battery electrolytes 2°.

Systematic studies of redox shuttles for overcharge protection in Li-ion batteries has been
done using metallocenes 2%, aromatics 222 and, halogenated Li salts 242°. The focus in these studies
was generally the overall stability and lifetime of the redox shuttle when electrochemically
oxidized and reduced repeatedly in Li-ion cells. While intended for overcharge protection of
cathodes, these shuttles can also be used for chemical oxidation in redox-targeting systems!'2¢,
Kinetics of chemical redox have previously been reported with ferrocene-based molecules®t3?,
hydrogen peroxide 2, lithium iodide ? and, electrolyte-free compounds such as NO2* There has
been a lack of understanding in the role of redox shuttle properties on the chemical redox rate and
mechanism. For instance, Yu et. al recently reported that ferricyanide, despite having similar redox
potential to dibromoferrocenium, has 1000 times faster delithiation kinetics when used to
chemically oxidize LFP °. It is noted that the electrolytes used for the two redox shuttles were
different, hence redox shuttle-electrolyte interactions might also play a role in the observed
differences in reaction rate. In the study herein, the reaction rate for the oxidation/reduction of
LFP/FP by six redox shuttles (three for oxidation of LFP and three for reduction of FP) are
compared using electrochemical analysis to track the progression of the chemical redox reactions.
The reaction rate is discussed in the context of the redox potential of the redox shuttles and their
measured effective diffusion coefficients. The reactions were performed in a batch reactor system
and the progression of the reaction was monitored in situ using electrochemical analytical
techniques. Two first-order reaction models were used to quantify rate constants and LFP/FP phase

transformation.
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3.4 Experimental

3.4.1 Materials

Ferrocene (Fc), 1,1’ dimethylferrocene (DMFc), ethylferrocene (EFc), 1,1’ dibromoferrocene
(DBFc), ferrocene carboxaldehyde (FcCX), and 1,1’ diacetylferrocene (DAFc) were used as

received from Sigma Aldrich without any further purification. The chemical structure of these

species, which were used as the redox shuttles in this study, can be found in Table 1. 1.2 M LiPFg

in 3:7 ethylene carbonate:ethyl methyl carbonate (wt.%:wt.%) was used as electrolyte in all
experiments (Gotion Inc.). Commercial LFP (Xiamen TOB New Energy Technology, China) was
used as received. The surface area of the LFP used was 7.5 m?g*, measured using the Brunauer-
Emmett-Teller method (Quantachrome Instruments). Note that the LFP did not undergo a carbon
coating step during production according to the manufacturer specification. Material and

electrochemical properties for the LFP material have been detailed in previous publications 3122,
3.4.2 FePQO4 preparation

For experiments where FePO4 (FP, which was oxidized and delithiated LFP) was used, the FP was
produced from a chemical oxidation process. 5 g LFP was added to a 750 ml solution containing
25 ml hydrogen peroxide (30% in water), 25 ml glacial acetic acid, and deionized (DI) water 2°.
The solution was kept unstirred for 1 hour, and then filtered to extract the solid product. The solid
product was then dried at 80 °C for 8 hours in a convection oven and then for 4 hours under
vacuum. Conversion of LFP into FP was confirmed using powder X-ray diffraction (XRD,
Panalytical X’pert diffractometer). After the chemical oxidation procedure the XRD patterns were
consistent with previous reports for FP (see Appendix B, Figure B1) 2°. The solution was
intentionally unstirred during LFP oxidation to FP in order to prevent the degradation of LFP
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surface induced by mechanical agitation 3. Electrochemical evaluation of electrodes containing
the FP confirmed the chemical oxidation process was reversible, although there was a small

reduction in electrochemical capacity and rate capability (see Appendix B, Figure B2 and S3).
3.4.3 Electrochemical characterization

The prepared FP and original LFP were electrochemically evaluated as cathode active materials
using 2032-type coin cells on a MACCOR battery cycler. The cathodes were fabricated using a
slurry of 80:10:10 (by wt. %) active material : carbon black : polyvinylidene difluoride (PVDF,
Sigma Aldrich), where the active material was LFP or FP. The components were blended into a
slurry using N-methyl-2-pyrrolidene as added solvent, and the slurry was cast on an aluminum
current collector using a doctor blade with a 125-pum gap. The electrodes were dried overnight in
an ambient oven at 80 °C, followed by a vacuum oven for another 2 hours at 80 °C. The thickness
of the electrodes used in this study was measured using a digital micrometer to be 70 £ 5 pum and
LFP/FP loading was 6.2 + 0.3 mg cm, where the error is the standard deviation of 3 independent
measurements. The LFP/FP electrodes were used as cathodes and were paired with Li foil as the
anode. Celgard 2325 was used as the separator and the electrolyte was 1.2 M LiPFg in 3:7 vol %
ethylene carbonate : ethyl methyl carbonate. The cells were cycled at room temperature with the
same rate used for both charge and discharge for each cycle with the following cycling profile:
C/20 (three cycles), C/10 (two cycles), C/5 (two cycles), C/2 (two cycles), 1 C (two cycles), and
C/20 (two cycles). The C rate was determined based on the mass of LFP/FP in the cell, where 1C
was assumed to correspond to 160 mA g LFP/FP. Representative rate capability results can be
found in Appendix B, Figure B2 and Figure B3 for LFP and FP, respectively. Note that the Li/LFP
cells were started with a charge cycle and Li/FP cells were started with a discharge cycle. The

voltage window for all electrochemical measurements was 2.5 to 4 V (vs. Li/Li").
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3.4.4 Bulk electrolysis of redox shuttles

All experiments with redox shuttles were conducted within an argon-filled glove box (H.O < 1
ppm, O2 < 1 ppm). For the FcCX, DBFc, and DAFc redox shulttles, it was desired to have them in
the oxidized form such that they could be used to chemically oxidize LFP, thus the redox shuttles
were converted to the oxidized form using bulk electrolysis. 100 mM solutions of FcCX, DBFc,
and DAFc were oxidized at a constant voltage of 4.2 V (vs Li/Li") using platinum wire (Sigma
Aldrich) as working electrode and Li foil as counter and reference electrode in an H-cell (Ace
Glass). The solutions were oxidized at 4.2 V (vs Li/Li*) until a current cutoff of 10° Amps. An
image of the cell setup can be found in Appendix B, Figure B4. The ion selective polymer separator
that was between the two compartments of the H-cell was a blend of Nafion and polyvinylidene
difluoride, and the preparation of the separator has been described previously 3%, All
electrochemical measurements using the H-cell were conducted using Biologic-50 or Biologic-

150 potentiostats.
3.4.5 Half-wave potential determination

To determine half-wave potentials for the redox shuttles, cyclic voltammetry (CV) on 100 mM
solutions containing redox shuttles (DMFc, Fc, EFc, DBFc, FcCX, and DAFc) were conducted
after electrolysis of the solutions to a capacity consistent with 50% oxidation (e.g. a 50/50 mix of
the redox shuttle in the oxidized and reduced form). The CV experiments were conducted using a
1.6 mm Pt disc (BASI) working electrode and Li metal combined reference and counter electrode
with a sweep rate of 100 mV s™in the H-cell. The H-cell setup was similar to the bulk electrolysis

experiment explained above (Figure B4).
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3.4.6 Characterization of chemical redox reaction rate dependence on relative redox shuttle to

solid active material ratio

Monitoring of the progress of chemical oxidation of LFP with DBFc*, and chemical reduction of
FP by Fc, was measured in a three-neck round bottom flask (Grainger) using Pt disc as working
electrode, 100 mM Ag/AgNOs in 1.2 M LiPFe in 3:7 vol % ethylene carbonate:ethyl methyl
carbonate electrolyte as reference electrode, and Pt wire as counter electrode (for a picture of the
experimental setup, see Appendix B, Figure B5). For oxidation of LFP with DBFc*, 100 mM
solution of oxidized DBFc (e.g. >97% DBFc" as determined by mAh of capacity passed during
electrolysis) dissolved in the 1.2 M LiPFs in 3:7 vol % ethylene carbonate:ethyl methyl carbonate
electrolyte was added to a round bottom glass. Mild stirring at 130 rpm was added to the solution
to prevent sedimentation of the solid electroactive material particles. Reference cyclic
voltammograms at 20, 40, 50, 60, 80 and, 100 mV/s were performed. Three case studies were
evaluated by varying the molar ratio of LFP to DBFc™: particle-lean (1:2), equimolar (1:1), and
particle-rich (2:1). Similar experiments were performed for the redox reaction of the reduction of
FP using Fc by varying the amounts of FP added to 100 mM Fc electrolyte solution. Three
independent experiments were performed for each reaction condition (LFP with DBFc* and FP

with Fc) at the three different molar ratios of solid electroactive species to redox shuttle.
3.4.7 Comparing redox shuttles

Chemical oxidation of LFP using FcCX" and DAFc* and reduction of FP using DMFc and EFc
were performed in the particle-rich scenario (2:1 LFP or FP : redox shuttle concentration). The
concentration used for each redox shuttle was 100 mM. The experimental setup was similar to the
experiments mentioned above (Figure B5). Three independent measurements with each redox

shuttle were performed with 200 mM of LFP/FP powder.
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3.5 Results

The class of metallocene redox shuttles have been used for chemical redox of Li-ion battery
solid active materials in previous reports ®33. Besides chemical redox of solid electroactive
materials, metallocene-based redox flow batteries have also been reported 22, Criteria for their
selection has included ease of availability, solubility, electrolyte stability, and molecular tunability
3, Metallocenes have two cyclopentadienyl anions (CsHs) bound to a transition metal ion, thus
forming a (CsHs)>M compound (where M is a metal, e.g., Fe). The cyclopentadienyl rings may be
substituted with different chemical functional groups, thus making the properties of a given
metallocene highly tunable. Ferrocenes are one such group of metallocenes and have been used as

redox shuttles, including towards energy storage applications 6332

This study focuses on how properties of redox shuttles affect the rate of chemical redox of
a solid Li-ion electroactive material. Commercially available derivatives of ferrocene have been
evaluated herein, all having solubility of at least 100 mM in the electrolyte and without observed
reactions with the electrolyte, at least in the neutral form of the redox shuttle. Based on equations
(1) and (2), redox shuttles with a redox potential above 3.45 V vs. Li/Li* were studied for oxidation
of LFP, whereas shuttles with half-wave potential lower than 3.45 V vs Li/Li* were used for
reduction of FP. Cyclic voltammograms of the shuttles with respect to Li/Li* can be found in
Appendix B, Figure B6 Three oxidizing shuttles (FcCX*, DBFc*, and DAFc™) and three reducing
shuttles (Fc, EFc, and DMFc) were selected. It is noted here that an additional redox shuttle,
Decamethylferrocene, was evaluated but could not be included in the study due to solubility
limitations in the electrolyte, and what appeared to be the facilitation of formation of a passivation

layer on the Pt disc working electrode *’.

83
Gupta PhD Dissertation



a) 1.2
» ° ®
1 ll.: o %, o, .

308 2%9%%%0g0000g2e8s $ 238 o g0 ®

a AdfALL 4 A A%}

L 0.6 TTH Y

-l Saga g ESggil

< 04 CERNamm,,
0.2

0 [ [ [ 1
0 50 100 150 200 250
time (minutes)

b) 1.2
1

o©
0

X (Li1.5)FePO,)
o ©
E~ [#)]

o
o

o

=ﬁltolotﬂlltﬁt.s.so

50 100 150 200 250

time (minutes)

Figure 2. Degree of delithiation/lithiation at different solid powder : redox shuttle molar

ratios of particle-rich (2 : 1, black triangles), equimolar (1 : 1, red squares) and, particle-

lean concentrations (1 : 2, blue circles) for a) LFP oxidation using 100 mM FcBr2* solution

and b) FP reduction using 100 mM Fc solution.

Gupta PhD Dissertation

84



To design the experimental system for comparison between redox shuttles, first the impact
of relative molar concentration of redox shuttles to solid electroactive particles was investigated.
Three scenarios were considered: particle-rich, equimolar, and particle lean. The redox shuttle
concentration was kept constant at 100 mM, and the solid electroactive material concentration was
varied at 200 mM (particle-rich), 100 mM (equimolar), and 50 mM (particle-lean). Fc and DBFc*
were used as reducing and oxidizing redox shuttles, respectively, because this pair of shuttles has
been previously reported for reversible chemical redox of LFP/FP 8. The progress of the reaction
was evaluated using a three-electrode configuration within a batch reactor system. After the
addition of powder to the batch reactor, cyclic voltammograms where collected continuously at a
sweep rate of 100 mV s using a Pt disc electrode. The reaction between LFP and DBFc* and FP
and Fc proceeded according to equations (1) and (2), respectively. The Randles-Sevcik equation
was applied to convert measured peak currents to concentrations of the oxidized and/or reduced
form of the redox shuttles during the chemical redox reaction progression . Further description
of this analysis can be found in the Appendix B. Under the assumption that changes in the
concentration of the different oxidation states of the redox shuttles were only due to the chemical
redox between the redox shuttles and the solid electroactive material, conversion of solid
electroactive material was calculated from the electrochemical redox shuttle concentration
analysis. The extent of oxidation and thus delithiation of LFP by DBFc™ at three different redox
shuttle : particle molar ratios can be found in Figure 1a, and the corresponding conditions for
reduction/lithiation of FP by Fc can be found in Figure 1b. Effective diffusion coefficient of the
redox shuttles in the electrolyte used was also determined by varying sweep rate of CV scans at
constant concentration and applying the Randles-Sevcik equation. These results can be found in

Table 1.
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Table 1. The redox shuttles for reduction of FP (DMFc, EFc and, Fc) and oxidation of LFP
(FcCX*, DBFc* and, DAFc*). The half-wave potential and effective diffusion coefficient was
calculated in 100 mM solution of redox shuttle in 1.2 M LiPFs in 3:7 wt. % EC:EMC using
cyclic voltammetry. The standard error is from measuring Dest in three independent

experiments.

Redox Shuttle Chemical Half-Wave Potential | Diffusion Coefficient,
Structure (V vs Li/Li*) Deff (cm? s1)

1,1 < CH; |[3.10 (2.20 £0.27) x 10°
Dimethylferrocene ||:e
(DMFc)

& on,
Ethylferrocene @T(/CHB 3.17 (3.34+0.82) x 10°®
(EFc) Fe

>
Ferrocene = 3.25 (1.92 +0.56) x 10°®
(Fo) |

<
0
carboxaldehyde @)J\H

Ferrocenium 3.55 (8.15+1.25) x 10
(FeCX*) Ly

|
I, 1°- 3.57 (9.81 £ 6.03) x 10”7
Dibromoferrocenium @i57_8r
(DBFc*) Fe'

<=
1,1°- Q 3.76 (1.28 + 0.44) x 108
Diacetylferrocenium H30>_?
(DAFcY) @;—(O
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One possible contributor to the measured currents during CV sweeps would be the solid
electroactive materials themselves, as has been previously reported for Li-ion battery particle
suspensions®, although those previous reports were under different shear conditions, suspension
compositions, working electrode area and orientation, and/or particle loading. To evaluate the
possible contributions of electrochemical current from the particles themselves, a control
experiment was conducted with CV scans at 100 mV s between -0.7 - 0.1 V vs 10 mM Ag/AgNOs,
where 500 mg LFP powder (e.g. 200 mM particle concentration) was added to the three-electrode
batch reactor without redox shuttles present. There were no clear peaks in measured currents
during CV sweeps to indicate significant contributions from oxidation/reduction of the solid
electroactive particles from encountering the microelectrode probe. The background current was
generally <0.1 mA cm, which amounts to approximately 1-2% of the current response from 100
mM redox shuttle solutions (see Appendix B, Figure B7). This result supported neglecting the
contributions from solid particle collisions in using peak currents from CV scans to determine the
change in concentration of the oxidized/reduced form of the redox shuttles, and neglecting changes
in oxidation state or lithiation of the LFP/FP due to electrochemical reactions with the working
electrode. It is also noted that at the conclusion of experiments visual inspection of the electrode

did not suggest the attachment of LFP/FP particles.

Kinetic parameters for the oxidation of LFP and reduction of FP with redox shuttles were
determined using the Johnson Mehl Avrami- Erofeyev- Kolmogorov (JMAEK) equation® . The

JMAEK equation can be written as:
x=1—exp(—k*t)" (3)

Where x is conversion, k* is a pseudo-first order rate constant, t is time and n is Avrami coefficient.

Additional details for applying the JIMAEK equation to the systems in this study can be found in
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the Appendix B. Similar analysis has previously been used to characterize batch reactor redox
reaction rates between redox shuttles and Li-ion battery electroactive materials #?8, It is noted
here that the JMAEK model used herein assumed first order reaction with respect to solid
electroactive material, which would be applicable only during conditions where the redox shuttles
were not subject to transport or equilibrium limitations to driving the reaction rate. This condition
would not be satisfied for particle-rich or equimolar conditions after extended extents of
conversion of the electroactive material. To accommodate this limitation, rate constants were only
calculated from analysis of the first 100 minutes of reaction for all reaction systems investigated.
The conversion (e.g., delithiation/oxidation of LFP or lithiation/reduction of FP) at the end of the
first 100 minutes (x), rate constant normalized by surface area of LFP/FP (k*), and Avrami
coefficient (n) for the experiments varying solid electroactive material:redox shuttle molar ratios
can be found in Table 2. The conversion referenced in this work was with respect to solid
electroactive material. For delithiation/oxidation of LFP, equimolar conditions resulted in the
highest conversion after 100 minutes of the reaction proceeding, followed by the particle-rich and
then the particle-lean cases. In contrast, lithiation/reduction of FP followed the same trajectory for
conversion irrespective of particle loading. It is noted that only 50% stoichiometric conversion of

solid electroactive material is possible for particle-rich scenario.
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Table 2. Reaction parameters determined for different molar ratios of solid electroactive
material:redox shuttles during chemical reduction of FP with Fc and oxidation of LFP with
FcBr2*. x is the extent of reduction/lithiation of FP or oxidation/delithiation of LFP after the
first 100 minutes of the redox reaction, k* is the pseudo first-order rate constant per surface
area electroactive material, and n is the Avrami coefficient from Equation 3. x was calculated
based on total moles of solid electroactive materials. Values are averages with errors

representing the standard error of three independent experiments.

Solid FePO, + Fc+Li' — LiFePO, + Fc' | LiFePO, + FeBr,’ — LiFePO, +
Particle
‘Redox FcBr, +LiJr
Shuttle
(mol:mol)
X K* x 10'3 n X Kk* x 10'3 n
(m” min") (m” min")
2:1 0.18 £({2.18+1.00 040 =+]0.36 +(2.92+0.58 0.52 +
0.03 0.09 0.05 0.10
1:1 022 £(295+0.51 044 +10.43 +(835+0.14 0.52 +
0.01 0.04 0.04 0.06
1:2 0.17 +{1.64+0.67 038 +]0.28 + | 7.57+2.52 0.54 +
0.03 0.13 0.07 0.12

After the comparison of the progression of the chemical redox for the LFP/DBFc* and the
FP/Fc systems using varying molar ratios of solid electroactive material:redox shuttle, the next
outcome investigated was how different redox shuttles, all of them functionalized ferrocene
derivatives, progressed in their chemical redox reactions with FP or LFP. For the comparison

between redox shuttles, the particle-rich reaction condition was selected. The particle-rich ratio for
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some conditions reached equivalent levels of conversion faster, and avoiding extended reaction
durations was desirable to avoid any potential effects of side reactions of the redox shuttles . It
is noted that even for the particle-rich condition the reaction progressed slow enough that the time
resolution of the analytical methods were appropriate and there was confidence in having enough
concentration data points to extract kinetic parameters from fitting the data. For reduction/lithiation
of FP, similar experimental conditions as the particle-rich case for reaction of FP with Fc were
used, with only the redox shuttles DMFc and EFc being substituted for Fc. Likewise, FcCX™ and
DAFc" replaced DBFc* as the oxidizing redox shuttle under equivalent conditions as were used
for oxidation of LFP. The resulting conversion of the solid electroactive material after 100 minutes
reaction, normalized rate constants, and Avrami coefficients for all redox shuttles reactions with
either FP or LFP are listed in Tables 3 and 4, for reduction of FP and oxidation of LFP,

respectively.

The diffusion coefficient for each redox shuttle was also determined using linear sweep
voltammetry 8, with sweep rates of 20, 40, 50, 60, 80, and 100 mV s™. The peak current plotted
vs. square root of scan rate yielded linear curves for all redox shuttles indicating diffusion-limited
reaction. The electrochemical analysis for determining the diffusion coefficient of the redox
shuttles was conducted prior to the chemical redox reaction (e.g., electroactive solid particle
addition). The effective diffusion coefficients for the redox shuttles determined using linear sweep

voltammetry can be found in Table 1.
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3.6 Discussion

In a previous work, the steps for chemical redox reactions between a redox shuttle and a
solid electroactive material were described 2. Using DBFc* chemical oxidation and delithiation

of LFP as an example, the proposed steps would be:
1) DBFc* molecules diffuse from the bulk electrolyte towards the surface of LFP particles.
2) DBFc™ molecules adsorb on the surface of LFP particles.

3a) DBFc" locally oxidizes Fe in LFP (net reaction LiFe?*POs — x Li* + Lig-x(Feax?Fex*")POs4

for the LFP and x DBFc™ — xDBFc for the redox shuttle for each x moles of forward reaction).
3b) Li* locally moves from within solid LFP to the solvated electrolyte phase.
4) DBFc desorbs from the surface particle

5) Li" and an e undergo co-diffusion from inside the particle towards the surface of the LFP (which

will be some fraction FP after the reaction initiates).

6) Li* solvated in the electrolyte diffuses from the particle near surface region to the bulk

electrolyte.

In quantifying the progression of the total reaction, which requires all the steps listed above
to propagate forward, previous reports for reactions between soluble redox shuttles and solid
electroactive Li-ion battery materials have quantified the reaction rate information in the context

of the IMAEK kinetic model*2%,

3.6.1 IMAEK kinetic model
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The JMAEK model assumes single step nucleation, infinite system volume, and homogeneous
distribution of nucleation sites in the system volume*. IMAEK has been applied for the analysis
of LFP redox kinetics, both for chemical and electrochemical redox 244, Previous use of IMAEK
for LFP redox has assumed that the nucleation and propagation of FP phase to/from LFP phase
was the rate limiting step. This assumption, while likely acceptable for many cases of
electrochemical lithiation/delithiation of LFP within thin film composite electrodes, may not be
applicable in all cases for chemical redox. For example, a previous study concluded that the
JMAEK model did not appropriately fit expected analysis for chemical reduction of FP by Lil 2°.
The oxidation of LFP and reduction of FP by redox shuttles have been analyzed using JIMAEK
herein such that the results in this work can be compared to prior studies. The ability of the
parameters extracted from JMAEK analysis to reproduce the conversion profile for the reaction
were also explored to provide insights into how well the JIMAEK analysis captures the reaction

progression.
3.6.2 Avrami coefficient and its interpretation
The Avrami coefficient, n can be written as
n=a+b.c 4)

Where a is nucleation index, b is dimensionality of growth, and ¢ is growth index of the
transformation which can be either phase boundary-controlled or diffusion-controlled growth.
Detailed analysis of Avrami coefficients under various conditions has been described elsewhere
404546 For the chemical redox of LFP, a can be interpreted as nucleation of the FP or LFP phase
during reduction/lithiation or oxidation/delithiation reactions. b and c are intrinsic properties of

LFP/FP and are therefore held constant for all the reaction conditions studied. The phase
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transformation of LFP has been reported to be one-dimensional (b=1) and diffusion-limited

(c=0.5) *+*’_ The nucleation rate, a function of a, therefore varies across experiments.

Table 3. Reaction parameters determined for different redox shuttles during chemical
reduction/lithiation of FP at a molar ratio of solid electroactive material:redox shuttles of
2:1. x was the extent of reduction/lithiation of FP after the first 100 minutes of the redox
reaction, k* was the pseudo first-order rate constant per surface area electroactive material,
and n was the Avrami coefficient from Equation 3. x was calculated based on total moles of
solid electroactive material. Values are averages with errors representing the standard error
of three independent experiments. The overpotential (AE) was calculated using the half-wave

potential difference between FP and redox shuttles.

Redox Shuttle AE (V) X k* x 103 m n
min)
1,1 0.35 0.22 +0.04 2.25+0.38 0.43 +£0.05
Dimethylferrocene
(DMFc)
1- Ethylferrocene | 0.28 0.22 £0.02 2.56 +0.13 0.31+£0.05
(EFc)
Ferrocene (Fc) 0.2 0.18 +0.03 2.18 +1.00 0.40 +0.09

From Tables 2, 3, and 4 it is evident that n was similar for all particle loading and redox
shuttle variations for oxidation/delithiation of LFP (range for values calculated was 0.52 to 0.54).
The same behavior was also observed for reduction/lithiation of FP with regards to very little
variation seen between different particle loadings or redox shuttles used (0.38 to 0.44), although
the range of values observed were somewhat lower than those for LFP oxidation. With b = 1 and

¢ = 0.5, awas nearly zero for delithiation of LFP indicating instantaneous nucleation. For lithiation
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of FP however, the value for a would have to be slightly negative (assuming the same assumptions
for b and c still hold for converting FP to LFP). A negative nucleation index would imply a
decrease of nucleation sites with time. To the best of the authors’ knowledge, there are no studies
supporting a decrease of nucleation sites over time for chemical reduction of FP. Hence, a slightly
negative a was also interpreted as instantaneous nucleation for lithiation of FP as well, which was
consistent with a previous report 244, Combining the Avrami analysis for all redox shuttles and
reaction conditions, it was concluded that the nucleation rate was independent of particle loading
or redox shuttle added. The latter suggested that phase transformation of LFP/FP during chemical
redox was not a function redox shuttle overpotential or interactions with the solid electroactive
material, since all redox shuttles had different half-wave potentials and variety of molecular sizes

and chemical functional moieties.
3.6.3 Oxidation/ Delithiation of LFP

To understand the reaction mechanism involved in delithiation of LFP, the reaction
progression with time for different particle loadings and redox shuttles was conducted and
analyzed. While the rate constants and conversion after 100 minutes of reaction were similar for
all particle to redox shuttle molar ratios, the equimolar case had the highest rate constant and
conversion of solid electroactive material (Table 2). One possible explanation for this observation,
though speculative, is that the particle-rich and particle-lean cases had slightly lower conversion
due to relatively greater transport limitations for those cases. For the particle-lean case, the Li*
would have to be extracted from greater distances from within the particles undergoing reaction,
and for the particle-rich case the redox shuttle concentration in the external environment would be

more excessively depleted of the oxidized and reactive form of the redox shuttle.
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Table 4. Reaction parameters determined for different redox shuttles during chemical
oxidation/delithiation of LFP at a molar ratio of solid electroactive material:redox shuttles
of 2:1. x was the extent of oxidation/delithiation of LFP after the first 100 minutes of the
redox reaction, k* was the pseudo first-order rate constant per surface area electroactive
material, and n was the Avrami coefficient from Equation 3. x was calculated based on total
moles of solid electroactive material. Values are averages with errors representing the
standard error of three independent experiments. The overpotential (AE) was calculated

using the half-wave potential difference between LFP and redox shuttles.

Redox Shuttle AE (V) X k*x103(m? |n
min)
Ferrocenium 0.10 0.19+£0.01 1.31+0.04 0.52+0.14
Carboxaldehyde
(FcCX")
1, 1- 0.12 0.36 £ 0.05 2.92 +0.58 0.52+0.10
Dibromoferrocenium
(DBFc")
1,1 0.31 0.25+0.03 3.48 £0.44 0.51+0.01
Diacetylferrocenium
(DAFc")

Additionally, despite having similar half-wave potential and Derr, DBFc™ had much higher
conversion and rate constant than FcCX* (Table 4). This outcome suggests that the rate of chemical
delithiation is not dependent simply upon overpotential or Dest Of the redox shuttles. The potential
difference between these two redox shuttles was only 20 mV, which for an electrochemical cell
that difference in driving force would not be expected to have such a dramatic difference in the
oxidation rate of LFP (an example of the difference in conversion for a much greater difference in

potential for the electrochemical analogue experiment can be found in Appendix B, Figure B9a).
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Given that the redox shuttles also have very similar Deff in the electrolyte and that the same
electrolyte and electroactive particles were used for the experiments, this outcome suggests there
must be redox shuttle-particle interactions that are significantly impacting the reaction rate. The
other redox shuttle evaluated for oxidation of LFP was DAFc™, which based on half wave potential
had the greatest overpotential relative to LFP of ~300 mV. DAFc* had the highest rate constant
and the most rapid initial oxidation of LFP over the first ~10 minutes of the reaction, however, the
redox reaction plateaued and the final conversion after 100 minutes was lower for DAFc*
compared to DBFc*, even though DAFc® has a much greater overpotential (Figure 2). An
additional consideration for DAFc* was that it was observed to form a highly viscous solution (see
Appendix B, Figure B10), which resulted in the low diffusion coefficient (Table 1). Thus, these
results suggest that DAFc™ has high initial conversion, but that a stability limitation may be limiting
the conversion that can be achieved in the redox reaction. The results above, when combined,
suggest that in cases where excess overpotential of the shuttle does not drive the reaction faster, it
may be desirable to focus more on other metrics of the system where the redox shuttles and solid
electroactive particles are being used, such as the stability and solubility of the redox shuttles in
the electrolyte. The fundamentals behind the redox shuttle-particle interactions will be the subject
of future investigations. The nature of such interactions will likely be challenging to probe
experimentally. Computational approaches that provide insights into the electron transfer process
for explicit molecular orientations of the redox shuttles at the solid electroactive material surface
and for explicit chemical moiety modifications, combined with experimental assessment of

reactions with the same redox shuttles, may provide supporting evidence for these effects.
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Figure 2. Redox shuttle concentration, C., as a function of time during chemical redox

reaction with LFP or FP. Initial concentrations for the redox shuttles were 100 mM of a)

ferrocenium carboxaldehyde (FcCx™*), b) ferrocene (Fc), ¢) dibromoferrocenium (DBFc*), d)

ethylferroene (Efc), e) 1, 1°- diacetylferrocenium (DAFc™) and, f) 1, 1°- dimethylferrocene

(DMFc). Note that a), c), e) are for oxidation of 200 mM LFP and b), d) and, f) are for

reduction of 200 MM FP. The grey dots represent experimental data from triplicates and the

dashed lines represent the IMAEK kinetic model (blue) and 1-D Kkinetic model (orange) back

fitted for first 100 minutes of the reaction.
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With regards to the stability of the redox shuttles, it has been previously reported that the
stability of ferrocenes or ferrocenium ions is dependent upon the nature of substituents®®4®,
Electron-donating groups such as methyl/ethyl promote stability whereas electron-withdrawing
groups such as acyl decrease stability. An unstable ferrocenium ion has been shown to decompose
into Fe (II) and Fe (III) ions under acidic conditions*. While several reports have shown
comparable diffusion coefficients of ferrocene and acyl substituted ferrocenes, these have been
limited to concentrations of 103 — 102 M, and it is possible that instability effects such as side
reactions with the electrolyte or dimerization become more pronounced at higher concentrations.
Side reactions of the redox shuttles may have been the cause of the observed turbidity in the 100

mM DAFc* solution during electrochemical oxidation (Appendix B, Figure B10).
3.6.4 Reduction/Lithiation of FP

Similar to chemical delithiation/oxidation of LFP, lithiation/reduction of FP under different
solid particle ratios and using different redox shuttles was evaluated. For every reaction condition,
the conversion of FP to LFP of ~ 20% was achieved. This indicates that conversion in the case of
chemical lithiation and reduction of FP was relatively insensitive to relative molar ratios of redox
shuttle to FP, the overpotential (driving force), and the diffusion coefficient of redox shuttles
(Tables 1-3). Also, the reduction of FP with redox shuttles was generally slower than the oxidation
of LFP. A few causes are speculated to have resulted in these observations. First, the FP was
prepared from a prior chemical oxidation/delithiation step of LFP. While care was taken during
this material preparation step (e.g., stirring was avoided), this process has been previously
demonstrated to impact the surface composition and morphology of the LFP/FP material®. Though
not as pronounced as the prior report which had significant stirring during chemical oxidation, the

initial discharge with the FP prepared from chemical oxidation had greater polarization and less
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gravimetric capacity than the initial discharge of the as-received LFP at the same rate (Appendix
B, Figure B11). A surface more resistive to electron transfer, and chemically distinct form the
initial LFP surface, may have been responsible for the reduced reaction rate and conversion for the
FP reduction/lithiation relative to LFP oxidation/delithiation. This resistive surface layer may have
also reduced the impact of different reaction conditions to substantially modify the chemical redox
rate. It is noted that the first discharge polarization curve and reduced rate capability for the FP
material would support the speculation (Appendix B, Figure B3). Another difference to consider
between the reduction/lithiation of FP and oxidation/delithiation of LFP is the direction and
accessibility of Li* during the reaction. For oxidation of LFP, the net change of in oxidation state
of the Fe in the LFP would be expected to provide a repulsive driving force for Li* to leave the
structure, and the immediate redox shuttle in the vicinity would be net neutral charge. However,
for reduction/lithiation of FP Li* must arrive from the surrounding electrolyte. There is significant
excess of Li* in the electrolyte phase, however, the molar concentration is much lower than in the

solid phase of the LFP.

The redox reaction rate was similar across all redox shuttles, even though they had varying
half-wave potentials (e.g., overpotential driving force, which relative to FP to LFP reaction ranged
for 200 to 350 mV) and effective diffusion coefficients. The lack of a dependence on the effective
potential of the redox shuttles contrasted with electrochemical lithiation of FP, where potentiostatic
reduction of FP at 3.15 V vs Li/Li* (~350 mV overpotential) was significantly slower than
potentiostatic discharge at 3.25 V vs Li/Li* (~200 mV overpotential). The electrochemical FP
reduction results for FP can be found in Appendix B, Figure B9b. This outcome suggests the
potential of the redox shuttles may not be as important to modifying the rate of chemical redox
relative to how the applied electrochemical potential impacts the electrochemical redox rate for
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LFP/FP. More redox shuttles need to be evaluated under different reaction conditions to confirm
the generality of this observation, but given the importance of redox shuttle potential for many
applications where redox shuttle-electroactive particle redox reactions would be taken advantage
of, such as a for a redox shuttle mediated flow battery, relatively low sensitivity of the reaction

rate to the redox shuttle potential would simplify the design of the overall system®,
3.6.5 Alternative One-Dimensional Kinetic Model

When the results from obtaining the kinetic parameters from JIMAEK analysis were applied
for comparison to the experimental outcomes (Figure 2 and Appendix B, Figure B8), in many
cases the first 100 minutes of reaction had a good match. For example, the R? for reduction of FP
cases was more than 0.9 suggesting a good representation of the model in capturing the early
portion of the reaction progression. However, for some cases, especially oxidation of LFP with the
two shuttles besides DBFc*, the match between the JMAEK kinetic model and the experimental
outcomes was not as good and the R? was less than 0.9. This suggested that IMAEK may not have
been an appropriate model for these cases, and other reports have suggested that IMAEK does not

always provide an appropriate description for chemical redox of LFP/FP materials 2.

Towards achieving a better match with the experimental data, an additional model of the
system was explored. This model was based on a one-dimensional (1-D) diffusion model within
the batch reactor system. The system of equations can be found in the Supplementary Information,
and some key assumptions of model were a) uniform spatial distribution of redox shuttle and Li™,
b) LFP/FP particles were spheres with a uniform radius, and c) the rate of reaction has a first order
rate dependence upon internal diffusion of Li* into the LFP/FP particle. This model does not have
a dependence on overpotential, and assumes stoichiometric changes in Li* and redox shuttle

changes in the liquid phase, and then matches the Li* concentrations in the solid phase through
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balancing the flux of Li" at the solid particle interface which is dictated by the rate of the redox
reaction. The Li* also must also diffuse through the solid particle, which is assumed to proceed
through diffusive processes defined using spherical 1-D transport governed by Fick’s law®°, and a
solid phase Li* diffusion coefficient for LFP from the literature was used °. The rate constants
(k’) derived using the 1-D model for different reaction conditions used in this study can be found

in Table 5.
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Table 5: Rate constants from different reaction conditions extracted from fitting a 1-D

diffusion model to experimental measurements of the reaction progression with time. k’

was normalized by the surface area of solid electroactive particles added.

FePOs + RSred + Li* — LiFePOs | LiFePOs4 + RSox* — LiFePO4 + RSox + Li*
+ RSred*
Solid RSred K> x 1013 RSox* K’ x 1013 (m‘l S'l)
Particle : (mts?)
Redox
Shuttle
(mol:mol)
1:2 Ferrocene (Fc) 0.43 I, 1’- 2.43
Dibromoferrocenium
(DBFc*)
1:1 Ferrocene (Fc) 1.21 L, 1- 15.34
Dibromoferrocenium
(DBFc™)
2:1 Ferrocene (Fc) 0.96 1, 1’- 4.50
Dibromoferrocenium
(DBFc™)
2:1 1- Ethylferrocene | 0.85 Ferrocenium 0.66
(EFc) Carboxaldehyde
(FCCX+)
2:1 1, 1- 0.80 1, 1- 16.67
Dimethylferrocene Diacetylferrocenium
(DMFc) (DAFc+)

The 1-D model had a significantly better fit (R>>90% for all conditions) of the experimental

data compared to the JIMAEK model (Figure 2 and Appendix B, Figure B8), particularly the cases

where the initial rate of reaction was faster as was the case for some of the experiments of oxidation
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of LFP. The fit of the experimental data was improved, although the general trends for rate
constants (k* for JMAEK and k’ for the alternative 1-D model) were similar. In particular, k’ was
also greatest for the equimolar scenario in the experiments evaluating the influence of the solid
particle:redox shuttle molar ratios and the k’ values were generally greater for oxidation of LFP
compared to reduction of FP, consistent with k* values. However, the relative magnitudes of
differences of the rate constants for different reaction conditions was different for the JMAEK and
1-D model. For example, the rate constant for delithiation using DBFc™ versus FCCX™ is 7 times
higher using 1-D model, compared to twice as high using JIMAEK. The 1-D model thus suggests
even greater sensitivity to specific particle-redox shuttle interactions, as this was the case where
the differences in redox potential and Deff between the shuttles was relatively small. While this 1-
D model is an initial effort to better describe the experimental outcomes from chemical redox
between redox shuttles and solid electroactive materials, it highlights that results from JIMAEK
should be carefully assessed and compared with the measured conversion as a function of time to

determine if such analysis is appropriate.

3.7 Conclusions

In this work, chemical redox of solid electroactive materials using redox shuttles was
investigated. The Li-ion cathode material LFP/FP was used as the solid material, and the influence
of different solid particle:redox shuttle molar ratios and the use of different redox shuttles was
analyzed using an electrochemical cell and technique to track progression of conversion of the
redox shuttle. It was found that for the batch reactor system employed that equimolar feeds of solid
particles and redox shuttles resulted in the highest conversion, and the oxidation of LFP was

generally faster than the reduction of FP. In comparative analysis of the different redox shuttles,
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there were cases where even though the differences in electrochemical potential and diffusion
coefficient of the redox shuttles were modest, the reaction rates were significantly different. This
suggests there are specific redox shuttle-particle interactions that are influencing the reaction rate.
The conversion data for the different reaction conditions was also evaluated using the JMAEK
model and an alternative 1-D kinetic model. Both models provide access to rate constants for
relative comparison between the redox shuttles, where JMAEK values can be compared to the
existing literature for chemical redox of LFP/FP and the 1-D model had a better fit to the
experimental data. This study provided an experimental system which took advantage of
electrochemical analysis to evaluate the relative reaction rates of redox shuttles used to chemically
oxidize/reduce Li-ion active materials, which is relevant to applications such as redox mediated
flow batteries and overcharge protection in Li-ion cells. This method, and the analysis to extract
rate constants for ease of comparison between redox shuttles, provides a robust approach to

comparing candidate redox shuttle compounds.
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Chapter IV. Chemical Redox of Lithium-lon Solid Electroactive Material in a
Packed Bed Flow Reactor

4.1 Overview

In this chapter, we have used reaction-engineering principles to design the chemical reservoir of
the redox-targeting flow battery- where a packed bed reactor (PBR) of LiFePO4 (LFP) is oxidized
by solvated ferricyanide redox shuttle. Four variables: LFP bed-height, shuttle concentration, flow-
rate, and operating temperature were varied to assess the molar conversion of LFP. The progress
of the reaction were measured using cyclic voltammetry. X-ray computed tomography was used
to investigate the pore and particle distribution of PBR. Preliminary evidence suggests that the
reaction mechanism follows a topochemical model and the rate-limiting step varies under certain
operating conditions. These insights form the basis of Chapter 4, where spatiotemporal progress

of chemical redox in packed bed reactor is characterized.

A manuscript based on this chapter has been submitted to the journal Chemical Engineering

Science as a full research paper-

= D. Gupta, Y. Zhang, Z. Nie, J. Wang, G.M. Koenig, Chemical Redox of Lithium lon
Solid Electroactive Material in a Packed Bed Flow Reactor. Submitted. Chemical

Engineering Science.

Author contributions:

Y.Zhang: XCT collection and analysis, Z. Nie, Sintered pellet synthesis, J. Wang: PBR setup
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4.2 Abstract

Chemical redox reactions between solid electroactive materials and dissolved electroactive
compounds are a necessary component of emerging technologies relevant to renewable energy
including high energy density flow batteries and battery material recycling. In this work, the initial
investigation of heterogeneous chemical redox for a packed bed reactor configuration between
solid electroactive material and dissolved redox shuttles will be described. Experimental
conditions including the height of the packed bed, the redox shuttle solution concentration, solution
flow rate, and operating temperature were varied and their impact on the molar conversion of the
solid electroactive material in the packed bed was quantified using electroanalytical techniques on
the reactor effluent. The progression of the reaction and its dependence on the different variables
explored will be discussed in the context of the limiting processes for porous packed aggregates

of the solid electroactive material undergoing chemical oxidation.
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4.3. Introduction

With widespread deployment of renewable power sources such as solar and wind, large-scale
energy storage will be needed to level these generation sources’ intermittent loads [1]. Among the
electrochemical energy storage options available, redox flow batteries provide the advantage of
separation of energy and power design and components, modularity, long cycle life, and versatility
for stationary applications[2]. Conventional redox flow batteries use soluble electroactive species
to store electrochemical energy. Hence, their volumetric energy density is limited by the solubility
of the electroactive species, for example <25 Wh L reported for systems such as all-vanadium
[3]. Recently, redox-targeting flow batteries (RTFBs) have been reported as a method to
dramatically increase the energy density of flow batteries [4-8] In a RTFB system, the soluble
electroactive species, referred to as redox shuttles, provide power in an electrochemical flow cell,
as is the case for a conventional redox flow battery. However, unlike a conventional flow battery
where the redox shuttles would also serve the role of storing all energy in the system, in a RTFB
the vast majority of the energy is stored in solid electroactive species. Energy stored in the solid
electroactive species is reversibly extracted via the redox shuttles by chemical reduction/oxidation
reactions. The chemical redox of solid electroactive material is facilitated by contact with the
soluble redox shuttles, provided the soluble shuttle is in the appropriate oxidation state and has
sufficient potential. The solid electroactive material is typically much more energy dense and is
not limited by solubility in the electrolyte, and thus the incorporation of solid electroactive material
can dramatically increase the volumetric energy density of the flow battery. Compared to redox
flow batteries based on only soluble electroactive materials, it has been estimated that RTFBs
could have ten times the volumetric energy density [9]. In contrast to alternative methods for high
volumetric energy density flow batteries that take advantage of solid electroactive materials such

as the use of suspensions or slurries [10,11], RTFBs have advantages of much lower viscosity in
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flowing through the electrochemical cell, while retaining the advantages of large surface area

electrodes available for electrochemical reactions to occur and enable high current densities.

A RTFB overall system consists of coupled electrochemical and chemical reactors, as illustrated
in Figure 1a. There is a power stack where redox shuttles are electrochemically oxidized/reduced,
and reservoirs where solid electroactive material is kept and undergoes chemical redox with the
redox shuttles. At scaled operation, there will also be recirculation loops with pumps that transport
redox shuttles between cell stacks and the chemical reservoirs, as well as additional components
not shown such as power conditioning systems, controllers, etc. The design considerations of the
electrochemical cell power stacks in RTFBs are similar to those of redox flow batteries and have
been described previously [12]. However, to the best of the authors’ knowledge, the design
principles for the chemical reservoir of the RTFB have not been well defined. Previous reports
pertaining to the chemical reservoir have included characterization of the redox targeting process
where the solid electroactive material was in the form of dispersed particles [9,13-15], porous
pellets [5], or electrode strips[16,17] have been reacted systems including batch reactors and
continuous stirred tank reactors. These studies have provided fundamental insights to the chemical
redox process and characterization of RTFB-type systems, however, it is not clear how well these
model systems would translate at larger scales. While batch and stirred tank reactors with relatively
low particle loadings are desirable for monitoring the chemical redox process, RTFB redox
reactors will need to be flow-through to couple with the electrochemical cell, and low particle
loadings reduce the volumetric energy density advantages of an RTFB system. Therefore, a packed
bed reactor (PBR) comprised of a bed of the solid electroactive material particles could achieve
both high volumetric chemical redox capacity and allow flow through of the electrolyte for
coupling to the electrochemical flow cell [18].
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Figure 1. a) lllustration of a full redox targeting flow battery system, with a red dashed box
around the chemical redox reactor reservoir which this model study is directed towards. b)
Photograph of the experimental setup for assessing the oxidation of LiFePO4 with [Fe(CN)s]*-
. ¢) Three-dimensional reconstruction of a packed bed of LiFePOs4 as used in the
experimental setup (the particle packed bed would be in the region with a red dashed box in
b) from X-ray computed tomography.
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In this study, a PBR has been evaluated where the solid electroactive material LiFePO4 (LFP) was
oxidized by the redox shuttle [Fe(CN)s]* (a photograph of the PBR can be found in Figure 1b).
As an initial investigation of a PBR for chemical redox relevant to a RTFB, the evaluation was
focused on a single reaction (oxidation of LFP by the redox shuttle) in the PBR. It is noted that in
a full system two reactions (oxidation and reduction of the solid electroactive material by redox
shuttle(s)) will be needed for each chemical redox tank, and the tanks will need to be coupled to
an electrochemical flow cell. LFP has advantages for use in a chemical redox PBR. LFP has a flat
charge/discharge voltage at 3.45 V (vs. Li/Li*), and it has been well studied and commercialized
for Li-ion battery applications and thus the detailed physical properties have been previously
reported [19]. During oxidation of LFP, Li* is removed from the structure and the Fe is oxidized
from Fe?* to Fe**, resulting in FePO4 (FP). The flat charge/discharge voltage is desirable for a
chemical redox PBR because the potential needed to oxidize or reduce the electroactive material
does not shift as a function of the extent of lithiation of the solid electroactive material. The

reaction between LFP and [Fe(CN)s]* is expected to proceed as shown below:
LiFePO, + [Fe(CN)¢]®>~ — FePO, + [Fe(CN)¢]*™ + Lit (@))

In this manuscript, the influence of four variables on the measured conversion of [Fe(CN)s]*> to
[Fe(CN)6]* in the effluent of a PBR loaded with LFP (which was correspondingly converted to
FP) will be investigated. The LFP — [Fe(CN)s]*> redox system was recently reported to have fast
kinetics [20] and excellent first-cycle reversibility of 99% [5], making it a robust choice for
assessing the design of the chemical reservoir of an RTFB. The four variables evaluated were:
height of the LFP packed bed, concentration of [Fe(CN)e]*> in the electrolyte, flow-rate of
electrolyte containing [Fe(CN)s]*, and the temperature of the reactor and solution fed. Three to

four variations were conducted for each variable evaluated. Single variable analysis of variance
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(ANOVA) was used to assess whether there were measurable changes in the conversion of the
LFP in the PBR. This study provides insights useful to designing chemical redox-based systems
and a framework for evaluating redox shuttles and solid electroactive material pairings. While the
chemical redox has been motivated by RTFBs, such experiments can provide insights relevant to
other applications/systems relying on chemical redox as well, such as photochemical flow batteries

[21,22], overcharge protection of Li-ion batteries [23,24], and battery recycling [20].

4.4. Materials and Methods
4.4.1 Materials

Commercial carbon coated LFP (Xiamen TOB New Energy Technology, China), potassium
ferricyanide (Ks[Fe(CN)s], Sigma Aldrich), potassium ferrocyanide (Kas[Fe(CN)s], Sigma
Aldrich), and lithium sulfate (LiSO4, Fisher Scientific) were used as received without further

purification.
4.4.2 Methods
4.4.2.1 Mildly sintered LFP pellet preparation

Directly packing the column with the fine LFP powder resulted in low flow rates of the fluid
through the column, thus the LFP was mildly sintered to prepare coarser aggregates. To prepare
the sintered LFP pellet, 1.5 g LFP active material powder was loaded into a 16 mm diameter Carver
pellet die and pressed with 12,000 Ibs for 2 minutes in a Carver hydraulic press. Next, the pellets
were heated in a Lindberg/Blue M tube furnace from room temperature to 400 °C at a ramp rate

of 1 °C min under N, atmosphere, with an inert atmosphere chosen to minimize the possibility
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of oxidation of the LFP. After holding at 400 °C for 1 h, the furnace was cooled to room
temperature at a rate of 1 °C min. The diameter of the sintered pellets was ~16 mm and

thicknesses were approximately 2.5 mm.
4.4.2.2 Powder X-ray Diffraction

The structure of the active material that comprised the sintered pellets was confirmed to contain
the same bulk material structure as the as-received LFP material using X-ray diffraction (XRD).
XRD was collected using Panalytical X’pert diffractometer with Cu Ka radiation between 20

values of 15 and 40 degrees.
4.4.2.3 Packed bed reactor

Sintered LFP pellets were coarsely pulverized using a mortar and pestle by hand. After that, the
sintered LFP powder was weighed and then loosely packed into a glass chromatography column
(Cole Parmer, 10 mm diameter, adjustable height). Teflon frits (Cole Parmer, 5 um) were used on
either end of the packed bed to constrain sintered LFP powder inside the column. The flow rate of
[Fe(CN)s]* solution prepared by dissolving Ks[Fe(CN)s] in deionized (DI) water was regulated
using a syringe pump (KDS 100 series). A picture of the PBR experimental setup can be found in

Figure 1b.

The experimental conditions used in this study are listed in Table 1. The bed height was varied
from 0.5-1.5 cm with corresponding loading of 0.5-1.5 g sintered LFP resulting in the total
combined pore/void volume fraction being constant at approximately 0.63. To study the effects of
varying [Fe(CN)s]* concentration on LFP conversion, [Fe(CN)s]*>* concentrations of 0.1, 0.2, and
0.3 mol L were evaluated. For estimating the LFP conversion dependence upon flow rate of

[Fe(CN)s]* solution, flow rates of 30, 42, 54 and, 66 mL h™ were used. Except for the experiments
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where concentration was varied, a [Fe(CN)s]*> concentration of 0.2 mol L™ was used. Except for
experiments where bed height was varied, a bed height of 1 cm was used. Except for experiments
where temperature was varied, the reaction was conducted at room temperature, measured to be

22.4°C,

The effects of temperature on conversion in the PBR were conducted at 4.0, 13.0, 22.4, and 40.0
°C. The 22.4 °C case was room temperature. For the other 3 cases, a water bath (Lauda Brinkmann
RC-20) was used to maintain both the packed bed and the [Fe(CN)s]* feed solution at 4.0, 13.0,
or 40.0 °C. The feed solution and LFP packed bed setup were equilibrated at 4.0, 13.0, or 40.0 °C
for 1 hour in the water bath before running the reaction. The water bath temperature was observed
to always stay within 0.2 °C of the set point. The measured temperature of the feed solution in

the syringe was typically offset by -0.5 °C relative to the water bath set point.

Before starting to feed the [Fe(CN)s]* solution, the packed LFP bed was rinsed using DI water at
the same flow rate as used during the reaction. Thus, there was an initial volume of water that
exited the reactor which was accounted for in conversion determinations. After each experiment,
the packed LFP bed was purged with 60 mL DI water at 40 mL h™! to remove any remaining
[Fe(CN)6]>. The remaining powder (usually a blend of unreacted LFP and LFP converted to FP)
was then dried overnight in a fume hood, and subsequently dried an additional 8 hours in an
ambient oven at 80 °C, followed by an additional 4 hours of drying in a vacuum oven at 80 °C. In
some cases, the dried LFP/FP after reaction of the LFP with [Fe(CN)s]*- was used for further

electrochemical and materials characterization.

4.4.2.4 Cyclic voltammetry
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Under every experimental condition described in the previous section, the effluent from the reactor
was continuously collected in 2 mL increments. Each 2 mL aliquot was analyzed using cyclic
voltammetry (CV) sweeps in a three-electrode system: Pt microelectrode (100-um diameter,
BASI) as the working electrode, Pt wire (1 mm diameter, 4 cm length, Sigma Aldrich) as the
counter electrode, and Ag/AgCI (immersed in KCI gel electrolyte, 74 mm length Ag wire, Pine
research) as the reference electrode. The feed solution of [Fe(CN)s]> was analyzed at 20, 40, 60,
80, and 100 mV s* from 0.0 to 0.5 V (vs. Ag/AgCl) before each experiment to assess that the the
effective diffusion coefficient of the redox shuttle and the measured currents were consistent. The
diffusion coefficient of [Fe(CN)s]* estimated using Randles-Sevcik Equation was found to be 2.49
+ 1.15 x 10 cm? s, in agreement with previous reports [25]. For each aliquot of the reactor
effluent, CV sweeps were conducted at 20 mV s between 0.0 to 0.5 V (vs. Ag/AgCl) and using
the diffusion coefficient estimated from the previous step and the Randles-Sevcik equation, the
concentration of the [Fe(CN)s]> species was determined. In general, the [Fe(CN)g]*" in the effluent
was lower than the [Fe(CN)g]* in the feed due to conversion to [Fe(CN)s]*, and reduction of each
mol of [Fe(CN)s]>- was assumed to correspond to the oxidation of one mol of LFP to FP. The
measured peak current from the CV scans was confirmed to have a linear dependence on the
relative fraction of [Fe(CN)s]* in solution (see Appendix C for additional details and CV results

in Figure C1).

CV scans were also conducted on the LFP solid electroactive material. For electrochemical
evaluation, the LFP powder was processed into an electrode. LFP electrodes were made by mixing
a slurry of LFP, carbon black, and polyvinylidene fluoride (PVDF, Sigma Aldrich) in 8:1:1 ratio
by mass using N-methyl-2-pyrrolidone (NMP, Sigma Aldrich) as solvent. The slurry was then

coated on rectangular strips of Ni foam (1 cm x 5 c¢cm) and dried overnight at 80 °C in a
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conventional oven. Electrodes were then evaluated in a three-electrode system: LFP coated within
Ni foam as the working electrode, Pt wire as the counter electrode, and Ag/AgCl (in concentrated
KCI gel) as the reference electrode. The electrolyte was 0.1 mol L Li,SO4 dissolved in DI water.
CV scans of the LFP electrode were collected at 0.02 mV s between -0.1 — 0.5 V vs. Ag/AgCI
(example scans can be found in Appendix C, Figure C2a). The half-wave potential of LFP
determined from the scans was 0.186 V (vs. Ag/AgCl), which translated to 3.425 V vs Li/Li" and

was consistent with previous reports [26,27].

The CV scans for 0.1 mol L [Fe(CN)s]* solution in the electrolyte used for the LFP CV
experiments (0.1 mol L Li.SO4 aqueous solution) can be found in Appendix C, Figure C2b. The
estimated half-wave potential of [Fe(CN)s]> was 0.247 V (vs. Ag/AgCI), consistent with previous

literature [28].
4.4.2.5 X-ray Computed Tomography

The column samples for X- Ray computed tomography (XCT) were made using Teflon cylinders,
and mimicked the PFR column shown in Fig. 1 b (details in Appendix C, Figure C3). XCT was
performed on a Zeiss Xradia Versa 520 at Oak Ridge National Laboratory. The X-ray source was
tuned to 80 kV and operated at 6 W to achieve ~20% transmission. And 0.4x optics was chosen
on the detector side to fill the detector field of view (FOV) with the full Teflon cylinder. Under
this configuration, the effective pixel size is about 16 um. For the XCT acquisition, 1601 evenly
spaced projections, each with 4 s exposure, were collected over 360° rotation. These collected
projections were then loaded into Zeiss reconstruction tool, which completes the filtered-back-
projection (FBP) based reconstruction. Image processing and analysis were performed using
Amira Avizo software. The XCT setup is detailed in the Appendix C and a 3-D reconstruction of

LFP packed bed is shown in Figure 1c.
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4.4.2.6 Coin Cell Fabrication and Electrochemical Characterization

The electrochemical properties of as-received LFP, sintered LFP, and the oxidized LFP (FP) after
reaction with [Fe(CN)s]> was evaluated using 2032-type coin cells on a MACCOR battery cycler.
The FP after oxidation by [Fe(CN)s]*> was harvested from the column after the following reaction
conditions: 0.3 mol L [Fe(CN)s]* was flowed at 54 mL hr! for 67 minutes through a 1.0 cm LFP
packed bed height (containing 1.0 g LFP powder). Based on CV scans on the PBR effluent
aliquots, the conversion of the LFP was estimated to be 100%. Using the electroactive materials,
cathodes were fabricated consisting of a slurry of 80:10:10 (by wt%) active material : carbon black
: PVDF, where the active material was LFP, sintered LFP, or FP after oxidation by [Fe(CN)s]*
(which was the sintered LFP after the chemical oxidation process). The components were blended
into a slurry with NMP as solvent. Prior to adding NMP, the active material and carbon black were
blended together using a mortar and pestle. Hence, the materials with aggregation due to the mild
sintering process (LFP after sintering, and the material after sintering and then oxidation to FP
using Ks[Fe(CN)s]) likely had some reduction in aggregate size due to pulverization with the
mortar and pestle. The slurry was cast on an aluminum current collector using a doctor blade with
a gap height of 125 pum. The electrodes were then dried overnight in an ambient oven at 80 °C, and
then in a vacuum oven for two hours at 80 °C. The thickness of the electrodes, measured using a
digital micrometer, was found to be 100 + 5 um for LFP, 70 £ 3 um for sintered LFP and, 70 £ 3
um for FP from oxidation of sintered LFP with [Fe(CN)s]*". The active material loading was 9.7
+ 0.2 mg cm for LFP, 9.4 + 0.2 mg cm for sintered LFP and, 9.1 + 0.1 mg cm for FP from
oxidation of sintered LFP with [Fe(CN)s]*>. The errors were the standard deviation of three
independent measurements of thickness and loading on separate electrode regions or punched
samples, respectively. Punched Li foil discs (1.6 cm? area, 100 um thickness) were used as the
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anode, 1.2 mol L™ LiPFs in 3:7 vol% ethylene carbonate:ethyl methyl carbonate (Gotion Inc.) was
used as the electrolyte, and electrodes were separated using glass fiber separators (Fischer
Scientific, G6 0.32 mm thickness). Three cells were made for each cathode active material. The
cells were charged at room temperature with the same charge and discharge rate at C/20, C/10,
C/5, C/2, 1 C and, C/20, where 1C was assumed to correspond to 160 mAh g™ active material in
the electrode, based on the voltage profiles obtained at C/20 rates for each material (Appendix C,
Figure C4). Three cycles at each C rate were performed, totaling 18 cycles. Representative
charge/discharge capacities for the cycling of the cells at different C rates can be found in the
Appendix C, Figure C5. Note that the Li/LFP and Li/sintered LFP cells were started with a charge
cycle and Li/FP (where FP was LFP after chemical oxidation by KzFe(CN)e) cells were started
with a discharge cycle. The voltage window for all electrochemical measurements was 2.5to 4 V

(vs. Li/Li")
4.4.2.7 Material characterization and analysis

The morphologies of original LFP, sintered LFP (after breaking into aggregates using mortar and
pestle by hand), and FP (oxidized with [Fe(CN)s]*>) were observed using scanning electron
microscopy (SEM, Quanta 650 SEM). X-ray diffraction patterns were taken of these three
materials along with FP prepared via chemical oxidation with an alternative previous reported
method as a reference [29]. The surface area of the original and sintered LFP, as determined using
the Brunauer-Emmett-Teller (BET) method, was measured using a Micromeritics ASAP 2020 at
77 °K using nitrogen as the adsorbing gas. Pore sizes from the nitrogen adsorption isotherms were

calculated using the Barrett-Joyner-Halenda (BJH) method.
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4.5. Results and Discussion

LFP is a popular electroactive material used in the cathode of Li-ion batteries, containing
earth-abundant Fe as the transition metal and demonstrated to have favorable cycle life and safety
outcomes [26,30]. These features make LFP an attractive option for RTFBs designed for grid-scale
storage, as resource abundance/low cost and long-term reliability/cycling are key qualities for the
stationary energy storage applications likely best suited to RTFBs [4]. LFP also has a flat half-
wave potential at 3.45 V (vs. Li/Li") which offers advantages for RTFBs. First, a flat potential
means that the overpotential needed from the redox shuttle to drive LFP oxidation or FP reduction
would be expected to be relatively constant across a wide range of states of charge. Second, the
half-wave potential of LFP is well within the stability window of both aqueous and non-aqueous
electrolytes, hence allowing a significant range of oxidizing redox shuttles and electrolytes that

would be compatible with LFP.

[Fe(CN)s]* and its reduced form, [Fe(CN)s]* are stable and reversible redox shuttles that
have been demonstrated in aqueous flow batteries with excellent cyclability [28,31,32]. Recently,
rapid kinetics were demonstrated for chemical oxidation of LFP with [Fe(CN)e]* in a three-
electrode cell, where 95% of [Fe(CN)s]* was reduced by 3 times equivalent capacity of LFP [20].
Hence, this promising reported result motivated the selection of the LFP and [Fe(CN)s]* chemical
redox reaction for the initial demonstration of a chemical redox PBR [5,33]. CV scans on
[Fe(CN)s]*/[Fe(CN)s]* solutions resulted in a measured half-wave potential of 0.247 V (vs.
Ag/AgCI), which was 60 mV higher than LFP (relevant CV scans can be found in Appendix C,
Figure C2) . As the relative fraction of [Fe(CN)e]*> in prepared solutions with different
concentrations of [Fe(CN)s]*>/[Fe(CN)s]* was varied, relatively small variations in half-wave
potential were observed (from 0.248 VV — 0.220 V vs. Ag/AgCl, as shown in Appendix C, Figure
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C1). Therefore, a driving potential of 30-60 mV was assumed between LFP and [Fe(CN)s]* to
favor reaction (1) proceeding throughout the PBR, until the LFP was nearly completely converted

to FP.

Since chemical redox between solid electroactive materials and redox shuttles occurs on
the surface of solid particles, the rate of the chemical redox can be increased by selecting smaller
solid electroactive materials with higher surface area. However, with high surface area solid
electroactive material, a PBR configuration results in high pressure drop and therefore high
parasitic loss in pumping the electrolyte solution through [18]. Even in the experimental system
herein, directly packing the as received LFP material in the column significantly reduced the
achievable flow rates. In addition, it was desired to minimize the possibility of the particles leaving
the reactor. In a full RTFB, free particles would start to aggregate at the porous electrodes in the
electrochemical power stack, resulting in increased pressure drop and parasitic pumping losses.
For the experimental analysis in this study, free particles could potentially continue chemical redox
within the collected aliquots, which would have resulted in higher observed chemical redox
reactions across the column than what was actually achieved. Thus, to mitigate these issues, the
as-received LFP powder was mildly thermally treated in a flowing N2 atmosphere to provide
coarser LFP aggregates — although it is noted the aggregates are still expected to contain internal

porosity in the PBR.

These design considerations were navigated by sintering fine LFP powder (~60 nm average
particle lengths) into pellets. Those pellets were then coarsely pulverized to secondary particle

sizes ranging from 16 um to several mm, as can be seen in the XCT image in Figure 2.
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Figure 2. XCT reconstructions of the packed bed reactor. Two-dimensional slices of the pore
volumes are shown for a) the vertical length of the column and b) the horizontal radial axis
at the center of the column. The color scale corresponds to the relative longest lengths of a
given pore/void. Two-dimensional slices of the LFP aggregates are shown for c) the vertical
length of the column and d) the horizontal radial axis at the center of the column. Note that

XCT resolution was not sufficient to show internal porosity in the LFP aggregates.
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4.5.1 LFP/FP characterization as-received, after sintering, and after chemical oxidation

The sintering of LFP powder was performed to mitigate the extreme pressure drop
originating from a packed bed composed of fine particles (LFP primary particle size was observed
to be <1 um in diameter, with many particles 50 nm or less). However, it was desired to retain the
primary particle size of the LFP to maintain high total surface area available for chemical redox
reactions and to mitigate transport of Li* and e” within the primary particles drastically reducing
the achievable reaction rate [34]. Mild sintering at 400 °C has been shown to be sufficient to form
particle connections but still retain electrochemical activity for LFP [35]. SEM images show that
sintering of LFP particles at 400 °C confirmed the primary particle size did not dramatically
increase (Figure 3). Secondary particle aggregates were difficult to assess; however, secondary
aggregates tens of micrometers were observed in SEM (examples can be found in Appendix C,
Figure C6). Furthermore, the XRD patterns revealed peaks consistent with LFP were observed
both before and after the mild sintering step, and no impurity peaks were observed in either pattern
(Figure 4a). Electrochemical analysis of coin cells with LFP active material both before and after
the sintering process demonstrated that the capacity at cycling rates between C/20 and C/5 were
nearly identical, suggesting that electrochemically active LFP was retained after the sintering and
hand grinding process (see Appendix C, Figure C5). It is noted that the capacity at the two highest
rates was significantly lower for the sintered LFP, although the capacity at low rates conducted
after the high rate cycling was recovered, suggesting the decreased capacity was not due to
irreversible capacity loss. The lower capacity at high rates may have been due to different transport
properties in the electrode microstructure for the larger aggregates, though exploration of the root

cause of the high rate capacity difference was not pursued.
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Figure 3. SEM images of a) as-received LFP and b) sintered LFP after grinding by hand.

The sintered LFP was used in the PBR experiments. To confirm the material was still an
electroactive powder after chemical oxidation, the powder was harvested after being oxidized in
the PBR and then characterized. The LFP was chemically oxidized using 0.3 mol L [Fe(CN)g]*,
and via analysis of the effluent the conversion of the LFP to FP was estimated as 100%. This
powder of LFP oxidized to FP was evaluated using XRD, and the patterns were in agreement with
a previously established method for chemically oxidizing LFP to FP with H20> [29]. Coin cells
made using LFP chemically oxidized to FP from the PBR had a reversible electrochemical capacity
at C/20 comparable to the as-received material (for charge and discharge capacity from rate
capability testing, see Appendix C, Figure C5). SEM images of the material collected after
oxidation and 100% conversion to FP in the PBR can be found in Appendix C, Figure C7. The

SEM results suggested the primary particle morphology was retained after the reaction in the PBR.
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Figure 4. a) XRD patterns of as-received LFP (blue) and sintered LFP (orange). b) XRD

patterns of FP obtained after oxidation of the LFP to FP using hydrogen peroxide via a

procedure previously reported (green) [48], and LFP after reaction with [Fe(CN)s]* (purple),

where analysis of reactor effluent indicated full conversion of the LFP to FP. Patterns were

consistent with PDF- 01-078-7908 for LFP in a) and PDF- 04-017-0610 for FP in b).
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4.5.2 Pore structure and XCT analysis

The BET surface area of sintered particles was 8.8 m? gt compared to 11.3 m? g for the original
LFP powder. This reduction of surface area may have in part been due to increases in primary
particle size, but even though the heat treatment was in inert atmosphere there was likely some
oxidation of the carbon coating which may have significantly contributed to the surface area
reduction. The pore width distribution was calculated using the BJH method, and can be found in

Appendix C, Figure C8)

The particle and pore/void distribution in the PBR were also analyzed using the XCT images.
Figures 2a,b are the distance maps of the pores along the length and radial direction, respectively
in the LFP PBR. XCT pixel pitch was 15.9 um, so only relatively large-scale pores and particles
can be analyzed, and internal porosity of the LFP aggregates was not accessible. The pore area
distribution is shown in Appendix C, Figure C9. On a number basis many of the pores were near
the limit of what can be detected in XCT, and thus the extent to which some of the smallest pores
from XCT were artifacts was less clear. In any case, the analysis suggested there were many pores
with areas <0.1 mm? both on a number and total volume basis, and on a volume basis there was
also a significant number of pores between 0.2 to 0.4 mm? area. Figures 2c,d show the 3D
reconstruction of LFP particles. The particle size distribution was extracted from this XCT image
and the outcomes can be found in Appendix C, Figure C10. On a number basis, most particles
detected in XCT were only a few pixels in size, where it would be difficult to resolve the detailed
distribution. However, on a volume basis, over 99.7% of the particle volume was particles with
lengths over 0.5 mm. As the total moles of LFP available is dependent on particle volume, >99.7%

of the LFP available to react was in particle aggregates >0.5 mm as determined by XCT analysis.
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Based upon the mass of LFP added in the column analyzed with XCT and the crystal density of
LFP, volume fraction of pores/voids should have been 0.634. The total pore void fraction was
0.138 from the XCT analyzed region. This would suggest that ~41% of the particle aggregates
were voids/pores to match the geometric porosity for the column based on the particle loading.
Thus, the XCT analysis suggests the LFP moles available to react was primarily in large aggregates
with approximately 41% porosity which would be filled with electrolyte, although here were likely
smaller particles between the large aggregates that contributed a relatively small amount to the
chemical redox reaction but may have interacted with the electrolyte fluid flowing past to for

example provide additional drag.
4.5.3 Reactor Parameters Investigated

Four parameters were independently adjusted to evaluate their influence on the conversion in the
PBR as a function of time during chemical oxidation of LFP with [Fe(CN)e]*: 1) height of the bed
packed with solid electroactive material, 2) flow-rate of the feed containing redox shuttle, 3) redox
shuttle ([Fe(CN)s]*) concentration and, 4) temperature of the chemical reservoir and the feed
solution (with both matched to the same temperature). Bed height and concentration of redox
shuttle are design variables and can be built into the design of the PBR prior its operation. Flow
rate of redox shuttle containing electrolyte was an operational variable and can be varied during
the operation of the PBR, although for a given experimental run the flow rate was maintained at a
single value. Temperature could in principal be actively adjusted within the PBR, though for the
experiments herein it was maintained at a single value through immersion of the PBR and feed
solution reservoir in a temperature-controlled bath. All experimental test conditions are listed in
Table 1. Outcomes were assessed using single-factor ANOVA [36]. In this study, conversion of

LFP in the packed bed was the dependent variable, and bed height, flow rate, [Fe(CN)s]*
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concentration, and reactor temperature were the independent variables. The null hypothesis was
that observed variation in conversion for a sample set was due to the random variation in the
measured conversions. Rejection of the null results in acceptance of the alternative hypothesis,
which in this study was the conclusion that conversion of LFP was influenced by changes in the
variable of interest. The p-value, that measures the plausibility of the null hypothesis, was used at
the threshold of 5%. If p-value was less than 0.05, the null hypothesis was rejected, and the
alternative hypothesis was accepted. However, if the p-value was greater than 0.05, then the null

was not rejected. In that case, both null and alternative hypothesis were plausible.

Table 1: Experimental conditions used in this study.

Temperature (°C) LFP bed-height Flow rate Shuttle concentration | Shuttle
(cm) (mL hr?) (mol L) Volume
(mL)
22.4 0.5 30 0.2 30
22.4 1.0 30 0.2 60
22.4 1.5 30 0.2 90
22.4 1.0 42 0.2 60
22.4 1.0 54 0.2 60
22.4 1.0 66 0.2 60
22.4 1.0 54 0.1 60
22.4 1.0 54 0.3 60
4.0 1.0 54 0.2 60
13.0 1.0 54 0.2 60
40.0 1.0 54 0.2 60
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4.5.3.1 Bed-height

Keeping the mass of LFP powder per bed volume and flow-rate constant, the bed height of
the PBR was varied at 0.5, 1.0, and 1.5 cm containing 0.5, 1.0, and 1.5 g LFP, respectively. The
temperature for all experiments was room temperature, measured to be 22.4 °C. The feed solution
for all experiments contained 0.2 mol L™ [Fe(CN)s]*, and the feed solution flow rate was 30 mL
hr! . The duration of time that the feed solution was fed through the PBR was chosen such that the
volume of electrolyte flown through each bed height contained a total of ~2 times moles of redox
shuttle relative to the moles of LFP in the packed bed reactor. In other words, the total [Fe(CN)s]*
fed through the PBR for each experiment was chosen to result in ~2 times the stoichiometric moles
required to fully oxidize the LFP powder in the PBR. The results of varying bed height are shown
in Figure 5. The molar conversion of LFP to FP after completing flowing 2 mol [Fe(CN)e]* per
mol of LFP for the different bed heights varied between 81-88%, with the 1.5 cm bed height having
a slightly higher conversion (Appendix C, Table C1). However, there was not a significant
difference of conversion between the three bed heights after flowing through equivalent molar
stoichiometries of [Fe(CN)e]*, as determined by one-way ANOVA (p = 0.624). Hence, when
proportional total moles of [Fe(CN)s]* solution was flown through different packed bed heights,
similar molar conversion of LFP was achieved. However, when LFP conversion was measured for
the same amount of [Fe(CN)s]* solution (30 mL, 6 moles) flown through, there was a significant
difference between molar conversion of LFP in different bed heights (p = 0.000236). Thus, if same
amount of [Fe(CN)s]>- was flown then the molar conversion of LFP had a linear correlation to bed
height, as shown in Figure 5b. Therefore, molar conversion of LFP was dependent upon bed-height
for the same moles of redox shuttle flown through, but for the same molar ratio of LFP to redox
shuttle there was no difference in conversion.
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Figure 5. a) Conversion of LFP solid material in the reactor at different bed heights of 0.5
cm (black), 1.0 cm (red), and 1.5 cm (green) as a function of volume of redox shuttle solution
fed. b) Total moles of LFP converted (FP generated) as a function of bed height for the same
30 mL volume of 0.2 mol L [Fe(CN)e]* flowed through the column. c¢) Outlet [Fe(CN)e]*
concentration as a function of time. Experimental conditions were run in triplicate, and each

experiment is a different line in a) and c¢), and data point in b).

4.5.3.2 Flow rate variation

For constant bed height (1.0 cm) and concentration (0.2 M [Fe(CN)e]*), four flow rates were
evaluated at room temperature: 30, 42, 54, and 66 mL h* corresponding to average residence times
of 94, 67, 52, and 43 seconds, respectively. The molar ratio of total moles [Fe(CN)g]* fed to the
column to LFP in the packed bed was again two for the conditions tested. The Reynolds number
for the range of flow rates was estimated as 1.0 x 102 to 2.2 x 102 [37], hence the flow through
the column was expected to occur in the laminar regime. As shown in Figure 6, the molar
conversion of LFP for 30 and 54 mL hr! was ~ 82%, whereas it was 73% and 77% for 42 and 66
mL h, respectively, after flowing all the electrolyte through the PBR. Therefore, flow-rate of
[Fe(CN)s]* solution did not have a significant effect on the molar conversion of the LFP packed
bed for the range of flow rates tested (p = 0.428). As there was not any observed effect on molar
conversion of LFP by varying flow rates between 30-66 mL hr?, slower flow rates were not
investigated. At the other extreme, flow rates of 72 mL hr! sometimes resulted in leaks at
fixtures/connections, and thus experiments did not exceed 66 mL hrt. Varying flow-rates would
affect the bulk transport of the [Fe(CN)s]* reactant in the packed bed, and increased conversion

with increasing flow rate would have indicated overcoming external mass transport resistances in
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the PBR [37]. The lack of flow rate dependence indicated the PBR was operating in a regime

without external mass transport resistances at the secondary LFP/FP particle surfaces.
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Figure 6: Conversion of LFP to FP after flowing 60 mL of 0.2 mol L [Fe(CN)s]* ina 1.0 cm
packed bed of LFP at different flow rates. Experimental conditions were run in triplicate
and each data point is a different experimental run.

4.5.3.3 Redox Shuttle Concentration Variation

At a bed height of 1.0 cm (with 1.0 g LFP) and a constant flow rate of 54 mL h?, three
concentrations of [Fe(CN)s]* solution were evaluated at room temperature: 0.1, 0.2, and 0.3 mol
L. For each concentration, 60 mL of redox shuttle solution traversed the PBR, meaning the total
number of moles (x10°%) of [Fe(CN)s]* through the reactor was 6, 12, and 18 for 0.1, 0.2, and 0.3
mol L concentration, respectively. Thus, the ratio between moles of LFP in packed bed reactor
to total moles of [Fe(CN)e]* fed was 1:1, 1:2, and 1:3 for 0.1, 0.2, and 0.3 mol L™ concentration,
respectively. As shown in Figure 7a, concentration of redox shuttle impacted the molar conversion

of LFP in the packed bed reactor, with faster conversion of the LFP to FP with increasing
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concentration. The LFP in the PBR was completely delithiated after 60 mL of 0.3 mol L
[Fe(CN)e]* solution passed through, whereas for 0.1 mol L™ the same volume resulted in ~56%
conversion of LFP to FP. Due to the different concentrations but same flow rate and total volume,
the total stoichiometry of [Fe(CN)s]*:LFP was different. For 0.3 mol L™ [Fe(CN)e]* the total

moles fed stoichiometric ratio was 3:1, while for 0.1 mol L it was 1:1.

Due to the differences in concentration and total moles fed, the conversion of LFP based on total
moles of [Fe(CN)s]* flown through the PBR was considered (Figure 7b). Due to normalizing based
on total stoichiometry, the differences in the rate of conversion of LFP were less apparent on the
moles of [Fe(CN)s]* fed basis. At the end of the 0.1 mol L case (6 x 10~ moles of [Fe(CNg)]*
flown through the PBR), the conversion of LFP in for 0.1, 0.2 , and 0.3 mol L [Fe(CNg)]* was
56, 59, and 66 %, respectively. While the magnitude of the differences in LFP conversion on the
total moles of reactant fed basis was less than on a volume of reactant solution fed, the difference
for the three different concentrations was still significant on the moles reactant fed bases (p =

0.039).
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Figure 7. Conversion of LFP to FP with the redox shuttle in the feed concentration of 0.1 mol
L1 (red), 0.2 mol L** (green), and 0.3 mol L (blue). The conversion is shown on the basis of
a) volume of feed solution passed through the reactor and b) total moles of [Fe(CN)e]* flowed
through the reactor. ¢) Moles of LFP converted in the PBR as a function of time, and d)
outlet [Fe(CN)s]* concentration as a function of effluent volume. The horizontal bars in d)
correspond to the initial concentration fed to the PBR. The bed height was 1.0 cm and the
flow rate was 54 ml h't. Experimental conditions were run in triplicate, and each experiment

is a different line.

4.5.3.4 Temperature Variation

The effect of varying temperature on the conversion of the PBR with LFP was evaluated at 4.0,
13.0, 22.4, and 40.0 °C. For these experiments, the bed height was kept constant at 1.0 cm bed

height, the flow rate was 54 mL h™, and the [Fe(CN)s]* feed concentration was 0.2 mol L. The
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22.4 °C temperature was achieved by running the reactor at room temperature in the setup shown
in Figure 1b. For 4, 13, and 40 °C, a water bath was used to keep the PBR at constant temperature.

The [Fe(CN)e]* feed solution was also kept at the temperature of the PBR for each temperature.
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Figure 8. Conversion of LFP to FP after flowing 60 mL of 0.2 M [Fe(CN)s]* through the
reactor at different temperatures. as a function of temperature for 1 cm bed-height at 54 mL

h- solution feed. Triplicates at each temperature are shown in this plot.

As shown in Figure 8, the conversion of LFP in PBR after 60 mL of the feed solution had
exited the reactor for 4.0 and 13.0 °C was 53.5% and 75%, respectively, and at 22.4 and 40.0 °C
both were similar at ~80 %. There was a significant difference between the conversion obtained
for the four temperature variations (p = 1.2 x 10-%). However, the conversion at 4 °C (53.5%) was
much lower than the conversion at higher temperatures. It has been shown previously that phase
boundary movement during electrochemical redox in micron sized LFP is controlled by surface
reaction (i.e. Li* diffusion in different crystallographic planes) [44] and bulk diffusion limitations
(solid-state Li* diffusion along [101] direction) [39-41]. Although these observations were for

electrochemical redox in LFP, Li* transport through [101] channels in the crystal plane is a
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behavior inherent to olivine LFP. Hence, the internal Li* transport behavior is likely similar during
chemical redox of LFP. The rate-limiting step in electrochemical investigations has been Li*
diffusion-controlled phase boundary movement in the direction perpendicular to the surface, i.e.
core-shell mechanism on an individual primary particle level. In a previous temperature dependent
electrochemical analysis, the first-order rate constant for delithiation in LiMng.sFeosPO4 was
shown to decrease by an order of magnitude for a temperature decrease from 20 °C to 0 °C [42].
The particle size in that report was 50 nm, similar to this report. It is possible that processes at the
primary particle level (electron transfer kinetics and/or solid-state Li* diffusion) become limiting
processes below a threshold temperature for the PBR in this study (at temperatures below 20 °C).
Since [Fe(CN)g]* transport in the liquid phase would also be slowed at lower temperatures due to
the diffusion coefficient dependence of [Fe(CN)s]*, however, if that was the limiting process
across all the temperatures evaluated a difference in conversion would also be expected between

the two highest temperatures, and this was not the case.

4.5.4 Reaction mechanism and kinetics

The reaction between the redox shuttle, [Fe(CN)e]*> and LFP in the PBR is an example of a

heterogeneous reaction that is proposed to occur in the following steps:

1) External transport of [Fe(CN)s]*> from the flowing bulk solution in the PBR to the surface of

the porous LFP aggregate particles.
2) Internal diffusion of [Fe(CN)g]* in the fluid-filled porous channels of the LFP aggregates.

3) Reaction between LFP and [Fe(CN)s]* as described in equation (1) would occur in multiple
steps-
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3a) Adsorption of [Fe(CN)s]* on the surface of LFP primary particle.

3b) Internal coupled solid-state Li*/e” diffusion to the surface of the primary particles or more

locally crystal grains.

3c) Electron transfer between [Fe(CN)g]*> and LFP (with the electron coming from the Fe in the

LFP):
[Fe(CN)6]*~ + e™ — [Fe(CN)g]*" (2)
LiFeP0O, — Li* + FePO, + e~ (3)

3d) Desorption of [Fe(CN)s]* from the surface of LFP.
3e) Transfer of Li* from the solid particle phase to the solution phase.

4) Diffusion of the [Fe(CN)s]* and Li* away from the LFP surface and through the LFP aggregate

to the edge of the aggregate secondary particle.

5) Transport of the [Fe(CN)s]* (and Li*) to the bulk fluid passing through the PBR.

According to the proposed reaction steps and experimental observations, it was speculated that the
heterogeneous reaction in the PBR follows a shrinking core process with regards to the LFP
aggregate particles. Note that this shrinking core description for the LFP aggregates in the PBR is
at a much larger length scale (tens of micrometers to millimeters), which is different from LFP
phase transitions models which have included shrinking core that has been discussed for primary
particles undergoing electrochemical reactions in LFP electrodes [38]. For the shrinking core in
the PBR, the LFP primary particles on the outer region of the aggregate would convert to FP first,

and the conversion of primary LFP particles to FP would then proceed towards the aggregate core.
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Thus, the diffusion distance of [Fe(CN)s]*> becomes greater through the pore microstructure and
past reacted FP primary particles towards the core to find LFP for undergoing reaction as the
reaction time and volume of feed solution progressed. The independence of conversion with flow
rate suggested external mass transport resistance to the [Fe(CN)e]* entering the LFP particle
aggregates was not influencing the LFP conversion. For the bed height variation experiments, as
the bed was made taller the [Fe(CN)s]* concentration in the outlet remained lower for longer (and
thus conversion of LFP in the packed bed was higher for longer). This outcome would be consistent
with the [Fe(CN)s]® reacting with the more easily accessible outer regions of the LFP particles
first, and then as [Fe(CN)s]*- must diffuse further in the LFP aggregates to react the conversion of
[Fe(CN)e]* tapers off. For the longer column that tapering off would be delayed due to more total
LFP particle aggregates available and thus more total moles of LFP that were less limited by
transport of the soluble redox shuttle through the microstructure. For the experiments where
[Fe(CN)s]* concentration was varied, not only did the highest concentration have the highest
conversion on a volume of feed solution basis (Figure 6a), but also on a total mole fed basis (Figure
7b). For the moles fed basis, this may have been because the higher concentration redox shuttle
solution can achieve higher concentrations deeper into the pellet, which would increase the overall
moles reacted. With regards to temperature, molar conversion of LFP was found to decrease
significantly at 4.0 and 13.0 °C, but was unaffected at 22.4 and 40 °C. The temperature insensitivity
at the highest temperatures would be consistent with the shrinking core concept, as the expected
change in the diffusion coefficient of the [Fe(CN)s]* in the liquid would be relatively small
(<10%). However, the transition to much lower conversion at the lowest temperatures suggests a
new process may be playing a role. For LFP, previous electrochemical measurements have

suggested the oxidation kinetics for LFP undergo a dramatic decrease at 20 °C [42]. suggesting
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that after a certain temperature that the Kinetics rather than the transport may become the rate
limiting process. Understanding and confirming the rate-limiting process for the PBR under
different conditions will continue to be the focus of future efforts and characterization

development.

It is noted here that LFP has been well known as a fast charge/discharge (oxidation/reduction)
material in electrochemical studies [43,44]. However, the electrodes usually studied are typically
less than 200 um thick. For this study, most of the capacity came from particles in aggregates
which were a couple of mm from the core to the surface. For such thick porous aggregate sizes,
the analogy to limitation in an electrochemical system would be for much thicker electrodes where
solution-phase transport limitations limit the rate of the electrochemical reactions. Such
phenomena has been reported, for example porous thick sintered electrodes (from few hundred pum
to couple mm thickness) have been reported where the interstitial Li* transport in the electrolyte
phase through tortuous paths has been responsible for limiting electrochemical reaction rates [45],
and thus high rates of discharge were not accessible due to electrolyte depletion [46]. For the PBR
reactor, the description of the limiting process postulated above is similar in that it is transport of
a species through the electrolyte phase in the interstitial regions between particles, although the

species in the PBR was the redox shuttle rather than Li*.

The PBR reactor system was similar to that of chemical looping combustion, where gaseous
fuel/air reacts with metal oxide particles [47]. Metal oxides are reduced and oxidized in a fuel
reactor and air reactor, respectively, and are transferred to separate reactors for oxidation and
reduction. Despite this operational/application difference (and contacting phases in many cases),
it is like the PBR system in that the particles forming the packed bed are themselves reactants that

have spatial and temporal functionalities sensitivity to the reaction progression. Therefore,
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qualitative inferences could be derived from the chemical looping combustion. For instance, a
comparison done on pilot-scale fuel reactors of 1 MW, 100 kW, and 50 kW capacity found that
intermediate sizes (90-300 um) of metal oxide particles (i.e. the solid reactant) were preferred [47].
If the particles were too big (> 8 mm), there was insufficient conversion. If the particles were too
small, they were elutriated into the gas stream. Additionally, the ideal particle size distributions
vary between pilot scale and full-scale plants (100-1000 MW), as the residence time for gases was
higher in full-scale plants. The impact of aggregate size distributions on the PBR system will be
explored in future work, as the processes used to make the aggregates in this study did not lend to
control over aggregate size. Analogous to chemical looping combustion, in the chemical reservoir
of a RTFB, it will be desirable to convert the fluid reactant stream 100% with every flow cycle.
Hence, particle engineering of solid electroactive material is expected to impact the molar
conversion of redox shuttles for RTFBs and other redox shuttle/electroactive material coupled

chemical redox applications.

4.6 Conclusions

In this work, a reactor system was reported which enabled evaluation of the extent of chemical
oxidation of a solid Li-ion electroactive material, LFP, with a dissolved redox shuttle compound.
The conversion in the reactor was tracked as a function of time for variations of different reactor
conditions: bed-height, concentration of redox shuttle, flow rate of feed solution, and operating
temperature. The dependence between molar conversion of LFP and the different variables was
assessed using single variable ANOVA. It was found that flow rate did not influence the

conversion, and bed-height did not impact the molar conversion of LFP when stoichiometric
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amounts of shuttle were flown. It was also found that the molar conversion of LFP has a strong
dependence on the concentration of the redox shuttle. Additionally, it was observed that at the
highest temperatures that there was not a temperature dependence, but that below a certain
operating temperature the molar LFP conversion became dependent upon temperature. A reaction
mechanism based on these observations was suggested where a shrinking core of LFP conversion
to FP propagated at the LFP aggregate level, where for most reaction conditions the conversion
was limited by the process of the redox shuttle diffusion in the solution phase though the LFP
aggregate microstructure. This study provides a framework for investigating packed beds of Li-
ion electroactive materials undergoing chemical redox, which is relevant for redox targeting flow
battery applications and potentially others such as the recycling and extraction of Li* from spent

Li-ion battery materials.
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Chapter V. Neutron Tomography of Chemical Redox Progression of Lithium-

lon Solid Electroactive Material

5.1 Overview

In this chapter, the progress of redox-targeting reaction between LiFePO4 and [Fe(CN)s]* in a
packed bed reactor (PBR) is assessed using neutron tomography. Here, the PBR design and aliquot
evaluation is similar to Chapter IV. The effects of particle size and pore distribution of the degree
of delithiation are qualitatively assessed by aligning neutron and X-ray tomographs. In this chapter,
preliminary data is discussed and a manuscript with the elements of this chapter is in preparation.
This is the first time where chemical redox of lithium-ion solid electroactive material was

characterized via neutron imaging.
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5.2 Introduction

In the previous chapter, packed bed reactor (PBR) setup made up of LiFePO4 (LFP) particles as
the chemical reservoir for the RTFB, which underwent chemical oxidation by [Fe(CN)g]*> (FeCN)

as the redox shuttle was examined. The reaction between LFP and FeCN occurs as shown below:
LiFePO, + [Fe(CN)¢]®>~ » FePO, + [Fe(CN)gl*™ + Lit (1)

By changing several design variables, it was observed that for same amount of [Fe(CN)s]* flown
through, the molar conversion of LFP is linearly dependent upon the bed-height. That is, for the
same moles of FeCN shuttle flown through in a randomly packed bed made of sintered LFP
particles, the moles of LFP converted increases if the bed-height (and thereby the amount of LFP)
increases. This poses the question of the nature of delithiation occurring in the PBR. That is, are
there radial and linear functionalities to the delithiation process and, how does the pore and particle
distribution affect the delithiation process. Advanced tools and methods would be needed to

determine that.

Neutron imaging is a non-destructive technique that has been successful in characterizing Li-ion
batteries [1-3]. This is due to the interaction properties of the neutrons with light nuclei such as H
or Li that greatly scatter neutrons. This property makes neutron radiography a powerful technique
to qualitatively map the spatiotemporal variations in Li-ion in the LFP PBR at different stages of
chemical oxidation. 3D tomographs reconstructed from neutron radiographs would give us the
ability to locate regions of high versus low reactivity. However, since our PBR consists of pores
and particles in the range 10° — 10% um (Appendix C, Figure C9 and C10), the neutron imaging
resolution (43.4 um) is limited to larger particle aggregates and pores. Hence, neutron computed

tomographs (NCTs) were complemented with x-ray computed tomography (XCT) which has a
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higher resolution of 16 um to gain further insights to pore/particle size relationships to delithiation

in LFP PBR[4,5].

In this work, by using an electrochemical technique to monitor the reactor effluent and conversion
of FeCN to [Fe(CN)s]*, the overall conversion of LFP in the PBR could be tracked. Thus, it was
possible to run nominally identical PBR experiments while stopping the reaction (by stopping the
redox shuttle feed to the reactor) after overall conversions of the LFP material in the PBR to FP of
~25%, 50%, 75%, and 100%. At ambient temperatures, the lithiation/delithiation in LFP occurs
via the two-phase formation of the form (LiFe?*PO4)x — (Fe**PO4)1-x, instead of a solid solution of
the form LixFe?*xFe3*1.xPO4, for 0 < x < 1. Therefore, a 50% delithiated PBR column in theory
would contain 50% LFP and 50% FP particles. For the sake of simplicity, a terminology of LFP-
X would be used in this study, where X is the percentage of LFP in the PBR (assuming 100-X is
constituted by FP). Therefore, reaction progression of 25% would indicate that 25% of LFP has

been delithiated, and the sample PBR would be referred to as LFP-75.
5.3 Experimental

Packed bed columns (L= 12 mm, diameter= 10 mm) were filled with sintered then pulverized LFP
particles supported by Teflon frits. Details of the reactor setup can be found in Section 4.4.2.3. A
schematic for the reaction setup is shown in Figure 1 a). The reaction progress in the PBR were
monitored using cyclic voltammetry (CV) of the aliquots (Figure 1 b), similar to Section 4.4.2.4.
The concentration of FeCN was calculated from the CVs using Randles-Sevcik equation, which
was then correlated to the LFP conversion in the PBR. Post-reaction capsules LFP-25, LFP-50,
LFP-75 were dried and analyzed along with two baseline samples, LFP-100 and LFP-0 at the CG-

1D neutron imaging beamline at the High Flux Isotope Reactor (HFIR) at Oak Ridge National
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Laboratory (ORNL)[6]. The neutron beamline setup at CG-1D is shown in Figure 1c. The details
of XCT setup are similar to Section 4.4.2.5. Image processing and analysis of NCTs and XCTs

were performed using Amira Avizo software.
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Figure 1. Schematic of a) PBR setup, b) three-electrode cells used for CVs of aliquots, and
c) CG-1D neutron imaging beamline at HFIR, ORNL. The objects are not drawn to scale

and are for illustration only.

5.4 Preliminary Results

In this study, progress of reaction (1) in the PBR at different stages of chemical redox is visualized
by the contrast obtained from the strong neutron radiography scattering by Li*. Neutron
radiography measures the attenuation of the neutron beam resulting from the adsorption and

scattering by the atoms in a sample of uniform thickness, as governed by Beer-Lambert’s law-
I(1) = I,(1)e #DAx 2

Where, A is the wavelength with incident, I, and transmitted, I intensities. Ax is the thickness of

the samples and y is the attenuation coefficient given by-

A
u(d) = W (3)

Where, a;(A) is the cross-section for neutrons of the material with density p. N, is Avogadro’s
number and M is molar mass. Equation (2) and (3) can be extended to heterogeneous and irregular

thickness samples, such as ours for neutron radiography.
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Figure 2. a) Normalized radiographs at five stages of chemical oxidation of LFP PBR by

FeCN. b) Mean transmission of neutron beam versus percentage of LFP in the PBR.

Due to the fundamental nature of neutron interaction with particles as described by
equation (2) and (3), LFP shows great sensitivity to the Li-ion concentration when exposed to a
neutron beam[7]. In Figure 2, neutron radiographs of five samples with incremental degrees of
delithiation are shown. The mean transmission of neutrons is normalized to the cylindrical sample,
and is found to be linearly dependent upon Li-ion concentration in the sample (R?= 95.6%), with
LFP-100 and LFP-0 (no lithium) as the highest and lowest scattering samples. However, in 2 a)
LFP-25 shows heterogeneity in transmission which can be correlated to Li-ion concentration. Such
features, along with local variations were studied using reconstructed NCTs as seen in Figure 3 a)-
e) and Figure 4 a)-c).
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Figure 3 shows radial cross-sections midway across the lengths of the PBR samples, aligned for
NCTs and XCTs. The average attenuation of the neutron beam by the LFP particles is represented
by prismatic color scheme in Figure 3 a)-e), with bright reds and oranges correlating to regions of
Li-rich concentrations and blues and violets being Li-poor zones. Therefore, as expected there is
an immense contrast in attenuation between LFP-100 and LFP-0, with near homogeneity of Li-ion
concentration in the two samples. LFP-75, LFP-50, and LFP-25 on the other hand show substantial
heterogeneity with Li-rich and Li-poor zones. However, the Li-ion concentration does not appear
to have a radial dependence in LFP-75, LFP-50, and LFP-25. There is an observed dependence of
Li-ion concentration on aggregate size for LFP-100 and LFP-75. This could be due to the fact that
secondary particle agglomerates in mm range are more densely packed internally when compared
to the dispersed micron sized aggregates. Hence, the attenuation in mm range particles is higher at
the core of the particles. Interestingly, regions of larger particle aggregates in LFP-50 and LFP-25
do not exhibit higher attenuation. Instead, the dispersed smaller aggregates in LFP- 50 and LFP-
25 appear to have high attenuation, and therefore Li-rich concentration. Hence, it is inferred that

particle size alone does not determine the degree of delithiation in the samples.
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Random distribution of LFP aggregates in the PBR can be understood in terms of the surrounding
pores. Hence, the local packing of LFP particles in the could be extrapolated from the distance
between the pores in the 3D volume. In Figure 4., linear cross-sections along the center of LFP
PBR for LFP-75, LFP-50, and LFP-25 as NCTs (a-c), XCT (d-f), and pore distance maps (g-i) are

shown.
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Figure 4. 3D reconstructed cross sections along the length of the reacted LFP PBRs — the top
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of pores (g-i). The color scales for top and bottom row represent avg. attenuation of the

neutron beam, and the distance between pores, respectively. The color scheme used for XCTs

(d-f) is for illustration purposes only.

At 25% delithiation (LFP-75, Figure 4 a), smaller sized particles seem to be delithiated first as

evidenced by aligned XCT images (Figure 4 d). However, the reaction seems to have occurred
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more at the beginning (z = 0) instead of towards the end (z = L) of PBR. This is expected as
particles near z = 0 would come in contact with higher concentration of FeCN than toward z=L.
As the electrolyte solution flows down along the bed height, reaction 1 would propagate and
reactant shuttle would deplete. However, along with directionality, an interplay of particle size and
pore arrangements appear to be playing a role in the degree of delithiation of LFP PBR. The top 2
mm in LFP 75 (Figure 4 a and d) are comprised of mm sized aggregates at the leftmost and
rightmost corner of PBR, with the center being smaller sub-mm particles. However, the reaction
has proceeded at a higher amount on the right, demonstrated by lower attenuation in that region.
This could be due to the specific flow pattern of the redox shuttle containing electrolyte dictated
by the particle arrangements. This effect is accentuated in LFP-50 (Figure 4 b, e, and h) and LFP-
25 (Figure 4 ¢, f, and i) where interconnected networks of small pores (<10 um) render a condensed
packing of particles in Li-rich regions. The convectional transport limitations rendered by
impenetrable regions or dead zones later resulted in reaction heterogeneity for LFP-50 and LFP-

25.

5.5 Conclusions

Chemical oxidation progression in LFP PBR designed for redox-targeting batteries was mapped
using neutron tomography, which showed sensitivity to local Li-ion concentration. NCTs were
supported by XCTs to correlate particle and pore size distributions to degree of delithiation in LFP
PBR. The random packing of LFP particles, along with aggregate size are observed to impact
degree of delithiation, inferred from the attenuation contrast in separate regions. More analysis of

the data is needed to shed light upon the reaction mechanism in this system.
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Chapter VI. Future Work

Several research prospects arise from the research presented in this dissertation. The future work

and recommendations are outlined below-
1) Redox shuttles

1 a) Based on the experimental evidence seen in Chapter IV, concentration of redox shulttles is the
strongest factor dictating the rate of reaction. Hence, in theory, high solubility redox shuttles
should be able to improve the power density of RTFBs by increasing the charge transfer Kinetics.
Our group has collaborated with Prof. Odom’s lab at University of Kentucky to test phenothiazine
derivatives as redox shuttles in RTFBs. Phenothiazine derivatives have shown stability at high
concentrations (>1 M) in non-aqueous electrolytes, hence making them an interesting choice for
redox shuttles in the RTFBs[1,2]. It is possible that at concentrations higher than 1 M redox shuittle,
the viscosity of redox shuttles impedes the rate of redox-targeting reactions. Therefore, it is

important to optimize the benefits of using high-concentration redox shuttles.

1 b) In Chapter III, it was observed that redox shuttles with a large overpotential difference such
as 1,1’- diacetylferrocene (3.76 V vs Li/Li") and 1,1’ — dimethylferrocene (3.1 V vs Li/Li") did not
improve the kinetics of chemical redox of LiFePO4. On the contrary, redox shuttles with smaller
overpotential, such as 1,1°- dibromoferrrocene (3.55 V vs Li/Li*) and potassium ferricyanide (3.52
V vs Li/Li*) showed fast kinetics and improved voltaic efficiency during oxidation of LFP. Hence,
redox shuttles with an overpotential of £100 mV should be used to minimize the overpotential loss
in RTFBs. Furthermore, redox shuttles with near-identical redox potential to solid electroactive
material can perform reversible redox-targeting reactions based on Nernstian potential difference

originated by activity changes of redox shuttles during chemical redox in RTFBs[3,4]. The
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previous studies on Nernstian-potential difference have shown a solid electroactive material
utilization of 95% [4] and therefore, this strategy should be investigated further for chemistries

optimized for packed bed reactor configuration.
2) Packed bed reactor

LFP particles in a packed bed reactor were shown to follow a core-shell mechanism during redox-
targeting oxidation (Chapter IV and V). Aligned pores in the direction of flow could, in theory
improve the interfacial charge transfer kinetics between redox shuttles and solid electroactive
material. Therefore, aggregate particle size/shape effects should be investigated based on the
observations and speculation of internal solution phase transport in the aggregates limiting reaction

rate
3) in-operando neutron imaging

In Chapter V, the spatiotemporal variation of Li-ion concentrations in a packed bed reactor
at various stages of chemical oxidation were mapped using neutron tomogrpahy. This approach,
paired with high resolution x-ray computed tomography provided fundamental insights towards
particle size and pore distribution affecting the reaction propagation in RTFB systems. The
knowledge towards designing packed bed reactors for large scale RTFBs can be further
complemented by analyzing in-operando Li-ion variation in RTFBs undergoing chemical redox.
Coupled with computational modeling including packed bed reactor equations and fluid dynamics,

in-operando Li-ion variation would enable modeling of RTFB chemical redox.

4) Full-cell RTFB
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A natural progression would be to design a full-cell RTFB based on packed-bed reactor

design. However, it would require addressing the following challenges-

4a) In a full-cell RTFB, the charge storage capacity of solid electroactive material in the chemical
reservoir would far exceed the charge storage capacity of redox shuttles. The volume of redox
shuttles is thereby limited to less than the combined volume of voids in porous electrodes in

electrochemical cell, circulation tubes, and voids in chemical reservoir.

4b)The overall battery performance is a function of charge-transfer kinetics in the chemical
reservoir between solid electroactive material and redox shuttles, and across the membrane. An
ideal membrane would have ideal ion-selectivity that can prevent crossover of redox shuttles,

chemical stability, and mechanical robustness for long cycle life.

Therefore, it is imperative to design a full cell RTFB that addresses a) the optimum
volumetric ratio of solid electroactive material and redox shuttles, and b) an ion-exchange

membrane that can support RTFB cell performance at high rates of charge/discharge.
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Table Al. ICP-OES data for purchased LFP and FP prepared by oxidation with hydrogen
peroxide. Fe and Li concentrations are those from the solution of the dissolved solid that was

analyzed in the instrument.

Appendix A

Compound Fe (mg/ml) Li (mg/ml) Molar Ratio
(Li:Fe)
LiFePO4 3.308 0.425 1.034
(LFP)
FePO4 (FP) 3.27 0.015 0.039
—LFP
—
= I I —FP
<
‘»
c
3
=l
13 23 33 43 53 63
20 (degrees)

Figure Al. X-ray diffraction curves of LFP received from supplier (red) and delithiated product

(black) of the reaction between 2.4% hydrogen peroxide, 0.1% acetic acid and, LFP.
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Figure A2. a) Photograph of custom glass cell for electrochemical oxidation of FcBr; and cyclic
voltammetry of redox shuttles. Cell had a platinum wire working electrode and Li foil as both
reference and counter electrode. b) Cyclic voltammetry curves for 8 mM Fc (blue) and 2 mM

FcBrz (orange) using the cell in a).
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Figure A3. Rate capability testing of coin cells with LFP cathodes at room temperature: a)
Voltage versus time and, b) capacity at different rates of charge/discharge. The cathode
contained a ratio by weight of 80:10:10 LFP: carbon black: PVDF binder and was 70 um thick.
The anode was lithium metal foil. All charge and discharge cycles were conducted at the same
rate and as indicated in b). 1C was assumed to correspond to 160 mA g* LFP.
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Figure A4. UV-Vis extinction at 705 nm for different concentration of FcBr." in the carbonate
solvent electrolyte used in this study. The extinction values at these FcBr," concentrations were

exclusive of solid LFP particles.
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Figure A5. UV-Vis extinction at 615 nm for different concentration of Fc* in the carbonate
solvent electrolyte used in this study. The extinction values at these Fc™ concentrations were

exclusive of solid FP particles.
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Figure AG. Stability of 2 mM FcBr." solution in electrolyte at 45°C. The UV-Visible extinction
at the peak wavelength of 705 nm (orange circles) associated with FcBr." was monitored over a
period of 90 minutes. The decrease in absorbance at 705 nm when adjusted for the extinction at a
reference wavelength of 900 nm (black squares) was determined to be 2% reduction of FcBrz2* in

the electrolyte.
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Figure A7: Stability of 8 mM Fc solution in electrolyte at 45°C. The UV-Visible extinction at
the peak wavelength of 615 nm (black squares) associated with Fc* was monitored over a period
of 90 minutes. The change in absorbance at 615 nm when adjusted for the extinction at a
reference wavelength of 418 nm (orange circles) was determined to be 0.3% oxidation of Fc in

the electrolyte.
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Figure A8: log (log (-(1-f)) vs log t curves where f is conversion and t is time for a) chemical
oxidation of LFP and b) chemical reduction of FP, at 25 °C (black circles), 35 °C (black

triangles), and 45 °C (black squares). Dashed lines represent linear fits of the data.
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Figure A9. Rate capability testing of coin cells at room temperature with cathodes containing

active material which was FP produced by oxidation of LFP with H2O>: a) VVoltage versus time
and, b) Capacity at different rates of charge/discharge. The cathode contained a ratio by weight
of 80:10:10 FP: carbon black: PVDF binder and was 70 pm thick. The anode was lithium metal
foil. All charge and discharge cycles were conducted at the same rate and as indicated in b). 1C

was assumed to correspond to 160 mA g LFP.
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Figure A10. Chronoamperometry of Li/LFP coin cells under conditions of a) oxidation of LFP

at 3.6 V (vs. Li/Li*) and b) reduction of FP at 3.3 V (vs. Li/Li*). Experiments were conducted at

25 °C (green solid line), 35 °C (red dashed line), and 45 °C (black dashed line).
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Figure Al1l. Plots of the In of the first order rate constant as a function of the inverse
temperature (in °K) for a) chemical oxidation of LFP, b) chemical reduction of FP, ¢)
electrochemical oxidation of LFP and, d) electrochemical reduction of FP. Error bars represent
the sample standard deviation of 3 measurements. In cases where error bars are not evident, the
error bars are smaller than the size of the data points. Dashed lines represent linear regression

lines of best fit.
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This section provides additional information for Chapter III.

Appendix B
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Figure B1. X-ray diffraction patterns of LiFePO4 (LFP) received from supplier (red) and the

delithiated FePOs (FP) product (black) after reaction of the LFP with 2.4% (vol) hydrogen

peroxide and 0.1% (vol) acetic acid. Patterns were consistent with PDF- 01-078-7908 for LFP and

PDF- 04-017-0610 for FP
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Figure B2. Rate capability testing of coin cells with LFP cathodes (LFP used as received) at
room temperature: a) VVoltage versus time and b) capacity at different rates of charge/discharge.
The cathode contained a ratio by weight of 80:10:10 LFP:carbon black:binder and was ~70 um
thick. The anode was Li metal foil. All charge and discharge cycles were conducted at the same

rate and as indicated in b). 1C was assumed to correspond to 160 mA g* LFP (0.1 mA cm?).
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Figure B3. Rate capability testing of coin cells at room temperature with cathodes containing
active material which was FP produced by oxidation of LFP with H20 and acetic acid solution:
a) Voltage versus time and b) Capacity at different rates of charge/discharge. The cathode
contained a ratio by weight of 80:10:10 FP:carbon black:binder and was ~70 pum thick. The anode
was lithium metal foil. All charge and discharge cycles were conducted at the same rate and as

indicated in b). 1C was assumed to correspond to 160 mA g LFP (0.1 mA cm).
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Figure B4. Photograph of custom glass cell for electrochemical oxidation and cyclic voltammetry
of redox shuttles. The cell had a platinum wire working electrode, Li foil as both reference and

counter electrode, and Nafion/PVVDF composite ion exchange membrane.
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Figure B5. Photograph of three electrode reaction cell setup.
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Figure B6. Cyclic voltammetry (CV) of a) LFP coin cell, and b) 100 mM redox shuttles dissolved

in electrolyte solutions. The CV plots in b) were collected using 50/50 blends with regards to
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molarity of the oxidized and reduced form of the redox shuttles. The CV sweep rates were 0.1 mV

st for a) and 100 mV s for b).

Randles-Sevcik equation

The Randles-Sevcik equation was used to measure the concentration of redox shuttle species as a
function of time in the batch reactor . CV sweeps were continuously run at constant sweep rate,

and peak currents were extracted as a function of time. The Randles-Sevcik equation is:
. nFp \0°
ip = 0.4463nFAC (52v) (1)

where ip is the peak current in amperes, n is the number of participating electrons, A is the
area of electrode in cm?, R is the universal gas constant, T is the temperature in Kelvin, v is scan
rate in volts s, D is the diffusion coefficient in cm? s and, C is the concentration of the species
in mol cm™. During the experiment, the peak current (ip) will have a linear response to the changes
in concentration of the reduced or oxidized form of the redox shuttle, although the total redox
shuttle concentration should remain constant. The only variable expected to change in Equation 1
as the redox reaction progresses is the concentration, and thus the peak currents were used to track

the progression of the chemical redox reaction as a function of time.
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Figure B7. Background current of 500 mg LFP in three-electrode setup. The CV measurement
was conducted at 100 mV s with stirring at 130 rpm. A 1.6 mm Pt disc was the working
electrode, a 4 cm long 0.5 mm diameter Pt wire was the counter electrode, and a Ag wire in an
electrolyte containing 10 mM AgNOs in 1.2 M LiPFs in 3:7 ethylene carbonate:ethyl methyl

carbonate (Wt%:wt %) was used as the reference electrode. 500 data points are shown for clarity.

Conversion and Kinetics using Johnson-Mehl- Avrami Erofeyev-Kolmogorov Analysis

The Johnson-Mehl- Avrami Erofeyev-Kolmogorov (JMAEK) equation was used to derive the rate constant
and phase transformation parameters for oxidation or reduction of solid electroactive material using redox
shuttles. Use of the JMAEK model assumed single step nucleation, infinite system volume, and
homogeneous distribution of nucleation sites within the system volume. Previously, this model has been
used for electrochemical 2 and chemical ¢ redox of LFP/FP under the assumption that nucleation and

propagation of the phase transformation of LFP/FP was the rate limiting step. To apply JIMAEK model,
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conversion of solid electroactive material must be measured as a function of time and then applied in the

following equation:

f=1—exp(=kt)" )

where f is the volume fraction of the material that has been oxidized or reduced during the reaction, k is a
first order rate constant, t is time, and n indicates Avrami exponent, which is related to the dimensionality

of growth. n can be written as:
n=a+bc (3)

where a is the nucleation index defined as N ~ t2. N is the number of nuclei per unit volume and t is time.
b is the dimensionality of the growth and b = 1, 2, 3 for 1-D, 2-D, and 3-D growth, respectively. c is the
growth index of the transformation and can take the value 1 for phase boundary control or 0.5 for diffusion-

controlled growth.
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Figure B8. Redox shuttle concentrations as a function of time after initiating the batch reactor
redox process. The solids used and their solution concentrations were a) 50 mM LFP, c¢) 100 mM
LFP, ) 200 mM LFP, b) 50 mM FP , d) 100 mM FP and, f) 200 mM FP. For a), c), and e), the
concentration displayed is for dibromoferrocenium (DBFc*) which was initially 100 mmol L?,
and for b), d) and, ) the concentration displayed is for ferrocene (Fc) which was initially 100 mmol

L1, The grey dots represent experimental data (there are triplicate runs in each plot) and the dashed
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lines represent fits of the IMAEK kinetic model (blue) and 1-D kinetic model (orange) over the

initial 100 minutes of the redox reaction.
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Figure B9. Conversion vs time curves for a) charge, and b) discharge of 2032-type coin cells
containing of LFP cathodes and Li foil anodes. The cells were potentiostatically charged at 3.75
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V (red, dashed) and 3.60 V (black, dashed) and potentiostatically discharged at 3.15 V (red, solid)

and 3.25 V (black, solid), where all potentials were relative to Li/Li".

Figure B10. Pt mesh coated from viscous DAFc* solution after performing bulk electrolysis on

100 mM DAFc (sample on left). A clean Pt mesh on the right is displayed for comparison.
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Figure B11. The first discharge cycle of a cathode containing as-prepared LFP (red, dashed) and

FP prepared from chemical oxidation by H20> (black, solid) paired with a lithium metal anode in
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a coin cell. Discharge rate was C/20 for both cells, and the LFP electrode was charged at C/20

before discharge.

1- D Kinetic Model Description

Continuously stirring the batch reactor led to the assumption of spatially uniform redox shuttle and
Li* concentrations in the electrolyte phase (e.g., perfect mixing). The LFP/FP particles were assumed as
spheres of uniform radius R, such that Li* concentration in the solid phase was governed by the 1-D
spherical transport equations listed below. These equations were solved by an implicit numerical method.
The interfacial area per volume according (as used in electrochemical models such as Newman’s work 7)
were calculated using the Brunauer-Emmett-Teller method on adsorption isotherms for the particles.
Implicit numerical method solutions of the time-dependent differential equations below resulted in the
concentration of redox shuttles as a function of time. The rate constant, k, was adjusted to minimize the
difference between experimental and calculated concentration as a function of time during the first 100

minutes of the reaction.

Equations

Reaction kinetics at the Solid/Liquid interface:

Li p

Li ,
surface X (C i face = Csu )q (4)

j =kXc surface surface
p =1 and g = 0 during LFP oxidation/delithiation, p = 0 and q = 1 during FP reduction/lithiation

Lithium ion concentration in the liquid phase:
e~ =4j (5)

Redox shuttle concentration in Liquid phase:

aCRs

l —_ .
e——=A] (6)

Lithium ion flux across the Solid/Liquid interphase:

acki

j: _DS or

Jatr=R (7)

Lithium ion concentration in the solid phase:
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Model Inputs and Nomenclature

(8)

Properties Symbol Value Source
Electrolyte Volume Fraction € 0.9977 Calculated based on
experimental
conditions
Solid State Diffusivity Ds 1.0 x 10 cm? s 8
Interfacial Area A 2.61 x 105 m™ Calculated from BET
Solid particle radius R 30 nm o
Redox shuttle Concentration | c®® ilnitially at 0.1 mol L
Li Concentration in ot initially 1.2 mol L*
Electrolyte
Li Concentration in Solid Cs - initially 22.059 or 0
mol L*
Li* Flux Across Interface J varies with reaction
progression
Reaction rate Constant Kk determined for each
case
Reaction order P, q See Equation 4
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Appendix C

This section provides additional information for Chapter IV and V.

Cyclic voltammetry on [Fe(CN)s]*/[Fe(CN)s]* solutions.

Ten solutions of predetermined blends of [Fe(CN)s]* and [Fe(CN)s]* were prepared in water
ranging from 0 — 100% [Fe(CN)s]*". The total molarity of the solution was 0.1 mol L (e.g. the
50% solution had 0.05 mol L™ [Fe(CN)s]* and 0.05 mol L [Fe(CN)s]*. CV sweeps of each
solution were collected using a Pt microelectrode working electrode (100 um diameter) and Pt
wire counter electrode, with a sweep rate of 100 mV s between -0.05 to 0.5 V (vs Ag/AgCl).
Representative sweeps can be seen in Figure S1a, and the absolute value of the peak current for

the different relative fractions of [Fe(CN)s]* can be found in Figure Sib.
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Figure C1. a) Cyclic voltammograms of different relative fractions of [Fe(CN)]* and [Fe(CN)e]*
in water, with the total concentration 0.10 mol L™ and the fraction of that concentration which was

[Fe(CN)s]* indicated on the legend to the right. b) Absolute value of peak currents from the CV
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sweeps from oxidation of [Fe(CN)s]* to [Fe(CN)s]* (black circles) and reduction of [Fe(CN)s]*

to [Fe(CN)s]* (blue squares). Trend lines added to guide the eye.
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Figure C2. Cyclic voltammograms of a) LFP in 0.1 M Li>SO4 solution, and b) [Fe(CN)s]* in water
(blue) and 0.1 M Li2SO4 solution (red). The working electrode for a) was LFP composite with
carbon black and PVDF impregnated into Ni foam and, b) was 100 um Pt microelectrode. The
reference electrode and counter electrode in both the experiments was Ag/AgCl (immersed in KCI
gel electrolyte) and Pt wire, respectively. Sweeps were between -0.1 V and 0.5 V at 0.02 mV s*

for a) and 20 mV s for b).
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Figure C3. a) Illustration of sample used for X-ray computed tomography (XCT) and b) a
photograph of the sample in the XCT instrument. LFP was packed in a custom capsule made by
boring out a polytetrafluoroethylene (PTFE) column and was supported by PTFE frits on top and
bottom and closed with polypropylene plugs. The bed area and powder loading were matched to

experimental conditions used for the glass column shown in Figure 1a.
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Figure C4. Charge and discharge voltage profiles for LFP as-received (black, squares), LFP
sintered (red, diamonds), and LFP after chemical oxidation to FP after reaction with [Fe(CN)e]*
in the packed bed (green, circles). The profiles shown are the initial charge/discharge cycles at a
rate of C/20. The electroactive materials were in composite electrodes, had been paired with Li

metal anodes, and were cycled between 4 and 2.5 V (vs. Li/Li").
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Figure C5. Charge (black circles) and discharge (blue circles) capacities during cycling at
increasing C rates. The anodes were Li metal and the cathodes were composites containing a) as-
received LFP, b) LFP-sintered cathodes, and ¢) LFP after chemical oxidation to FP after reaction
with [Fe(CN)e]* in the packed bed. The cathode contained a ratio by weight of 80:10:10
LFP:carbon black:binder and the thickness was ~100 um for a), and ~70 um for b) and c). All
charge and discharge cycles were conducted at the same rate with the rates indicated in the figures.
1C was assumed to correspond t0160 mA g LFP, which resulted in 1C current densities of 1+0.1

mA cm (with the variation reflecting variations in areal loading of active material).
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Figure C6. SEM images at relatively (a,b) lower and (c,d) higher magnification of (a,c) the as-

received LFP and (b,d) LFP powder after sintering and grinding by hand.
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Figure C7. SEM images of LFP after oxidation of 100% to FP with [Fe(CN)s]* in the packed bed reactor

at relatively a) low, b) higher, and c) highest resolution.
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Fig C8. BJH incremental pore distribution of sintered (then pulverized by hand) LFP. The total

pore volume was 0.071cm?® g LFP.
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Figure C9. Quantitative analysis of pore sizes in LFP PBR determined using XCT: a) Pore size
distribution of all pores, b) pore size distribution of 39 largest pores (those over 0.2 mm?), c)
total volume of pores in each area segment, and d) total volume of pores with area greater than or

equal to 0.2 mm?.
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Fig. C10. Quantitative analysis of particle sizes in LFP PBR determined using XCT: a) Particle

size distribution, b) particle size distribution of 20 largest particles (over 500 um), c) total

volume of particles in each length segment, and d) total volume of particles sized greater than or

equal to 500 um.
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Equation to calculate Reynold’s number (Re) through a packed bed [1]

— XUpr
JIcED @
Definitions:
Abbreviation Value
u Viscosity of fluid flowing 9.532 x 10 Pa. s
through the packed bed (Pa.s)
U Superficial fluid velocity (m | Flow rate/Bed area
)
€ Bed Voidage 0.634
X Spherical equivalent particle | 33 x 10 m
diameter (m)
pf Density of fluid flowing 998 kg m™
through packed bed (kg m)
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Table C1. Experimental conditions and LFP conversion at the end of each experiment. The final
total molar ratio of [Fe(CN)e]*> flown through the PBR relative to the moles of LFP was two in
every condition listed below except for the 0.1 and 0.3 mol L™ shuttle concentrations, where it was

1 and 3, respectively. The conversion is after all the shuttle electrolyte had passed.

Temperature LFP bed- Flow rate Shuttle Shuttle X in Lig-xFePOs
(°C) height (mL hr?) concentration Volume
(cm) (mol Lt?) (mL)
22.4 0.5 30 0.2 30 | 0.81+0.13
22.4 1.0 30 0.2 60 | 0.82+0.09
22.4 15 30 0.2 90 | 0.88+0.01
22.4 1.0 42 0.2 60 | 0.73+0.04
22.4 1.0 54 0.2 60 | 0.82+0.05
22.4 1.0 66 0.2 60 | 0.77+0.09
22.4 1.0 54 0.1 60 | 0.56%0.02
22.4 1.0 54 0.3 60 | 1.02+0.05
4.0 1.0 54 0.2 60 | 0.54+0.10
13.0 1.0 54 0.2 60 | 0.750.01
40.0 1.0 54 0.2 60 | 0.81+0.03
References-

[1] J.B. Rawlings, J.G. Ekerdt, Chemical reactor analysis and design fundamentals, Nob Hill
Pub, Llc, 2002.
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