Chemical Engineering Science 251 (2022) 117443

Contents lists available at ScienceDirect
Chemical Engineering Science

journal homepage: www.elsevier.com/locate/ces

Chemical redox of lithium-ion solid electroactive material in a packed )

bed flow reactor

Chaos for

Devanshi Gupta®, Yuxuan Zhang °, Zivang Nie?, Jing Wang ? Gary M. Koenig Jr**

2 Department of Chemnical Engineering, University of Virginia, 102 Engineers” Way, PO. Box 400741, Charlottesville, VA 22904, USA
® Neutron Scattering Division, Ook Rdee Netional Loborotory, PO, Box 2008, Ook Ridee, TN 37831, USA

HIGHLIGHTS

« Analysis of chemical redox between redox shuttles and solid particles.
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« Investigated impact of four variables on progression of chemical redox reaction.
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ARTICLE INFO ABSTRACT

Article history:

Chemical redox reactions between solid electroactive materials and dissolved electroactive compounds
are a necessary component of emerging technologies relevant to renewable energy including high enerzy
density flow batteries and battery material recycling. In this work, an initial investigation of heteroge-
neous 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 quan-
tified 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

Receivied 29 july 2021

Received in revised form 21 December 2021
Accepted 15 January 2022

Available online 20 January 2022

Keywords:
Chemical redox
Lithium ion
Packed bed reactor

for porous packed aggregates of the solid electroactive material undergoing chemical oxidation.

© 2022 Elsevier Ltd. All rghts reserved.

1. lntroduction

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 (Gir, 2018).
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 ver-
satility for statonary applications (Dunnet al, 2011). Conventional
redox flow batteries use soluble electroactive species to store
electrochemical energy. Hence, their volumetric energy density is
limited by the solubility of these electroactive species, for exam-
ple < 25 Wh L' reported for systems such as all-vanadium
(Wang et al, 2013). Recently, redox-targeting flow batteries
(RTFBs) have been reported as a method to dramatically increase
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the energy density of flow batteries (Yan and Wang, 2018; Vivo-
Vilches et al, 2021; Piez et al, 2019; Wong and Sevov, 2021;
Zanzola et al., 2017) In a RTFB system, the soluble electroactive
species, referred to as redox shuttles, provide power in an electro-
chemical flow cell, as is the case for a conventional redox flow bat-
tery. However, unlike a conventional flow battery where the redox
shuttles would also serve the role of storing all energy in the sys-
tem, in a RTFB the vast majority of the energy is stored in solid
electroactive species. Energy stored in the solid electroactive spe-
cies is reversibly extracted via the redox shuttles by chemical
reduction/oxidation reactions. The chemical redox of solid elec-
troactive material is facilicated by contact with the soluble redox
shuttles, provided the soluble shuttle is in the appropriate oxida-
tion state and has sufficient potential driving force. The solid elec-
troactive 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 volu-
metric energy density of the flow battery. Compared to redox flow
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batteries based on only soluble electroactive materials, it has been
estimated that RTFBs could have ten times the volumetric energy
density (Jia et al., 2015). In contrast to alter native methods for high
volumetric energy density flow batteries that take advantage of
solid electroactive materials such as the use of suspensions or slur-
ries (Duduta et al., 2011; Qi and Koenig, 2017), RTFBs have advan-
tages of much lower viscosity in flowing through the
electrochemical cell, while retaining the advantages of large sur-
face 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 Fig. 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 electro-
chemical cell power stacks in RTFBs are similar to those of redox
flow batteries and have been described previously (Chalamala
et al., 2014). 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 (Jia et al., 2015; Huang et al., 2013; Gupta and
Koenig, 2020; Gupta et al, 2021), porous pellets (Vivo-Vilches
et al., 2021), or electrode strips (Pan et al, 2014; Yan et al., 2018)
have been reaction systems including batch reactors and
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continuous stirred tank reactors. These studies have provided fun-
damental insights to the chemical redox process and characteriza-
tion of RTFB-type systems: however, it is not clear how well these
model systems would translate at larger scales, While batch and
strred tank reactors with relatively low particle loadings are desir-
able for monitoring the chemical redox process, RTFB redox reac-
tors will need to be flow-through to couple with the
electrochemical cell, and low particle loadings reduce the volumet-
ric energy density advantages of an RTFBE system. Therefore, a
packed bed reactor (PBR) comprised of a bed of the solid electroac-
tive material particles could achieve both high volumetric chemical
redox capacity and allow flow through of the electrolyte for cou-
pling to the electrochemical flow cell {Cussler and Cussler, 2009).
In this study, a PER has been evaluated where the solid elec-
troactive material LiFePO, (LFP) was oxidized by the redox shutte
[Fe(CN)]*~ (a photograph of the PER can be found in Fig. 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 (oxidatdon and reduction of the solid electroactive
material by redox shutte(s)) will be needed for each chemical
redox tank, and the tanks will need to be coupled to an electro-
chemical flow cell. LFP has advantages for use in a chemical redox
PBR. LFP has a flat charge/discharge voltage at 345 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 (Chung et al., 2002). During oxidation of LFP,
Li* is removed from the structure and the Fe is oxidized from
Fe?" to Fe®, resulting in FePO, (FP). The flat charge/discharge volt-
age is desirable for a chemical redox PBR because the potential
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Fig. 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 LiFePO, with [Fe{CN):]*-. o) Three-dimensional reconstrudion of a packed bed of LiFePO, 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. d) Photograph of the three-
cledrode setup used for electroanalytical analysis of aliquots collected from reactor effluent.
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needed to oxidize or reduce the electroactive material does not
shift as a function of the extent of lithiation of the solid electroac-
tive material. The reaction between LFP and [Ff:{{ilf'u[‘,t.gl3 is
expected to proceed as shown below:

LiFeP0, + [Fe(CN) " — FePO, + [Fe(CN))*" + Li* (1)

In this manuscript, the influence of four variables on the mea-
sured conversion of [Fe{CN)*~ to [Fe{CN)]* in the effluent of a
PBR loaded with LFP (which was correspondingly converted to
FP) will be investigated. The LFP - [Fe{CN)]®  redox system was
recently reported to have fast kinetics (Yu et al, 2019) and excel-
lent first-cycle reversibility of 99% (Vivo-Vilches et al., 2021), mak-
ing 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)s|*~ in the electrolyte,
flow-rate of electrolyte containing [Fe(CN)s]* ,and the tempera-
ture of the reactor and solution fed. Three to four variations were
conducted for each variable evaluated. Single variable analysis of
variance { ANOVA) was used to assess whether there were measur-
able changes in the conversion of the LFP in the PBR. This study
provides insights useful to designing chemical redox-based sys-
tems and a framework for evaluating redox shuttles and solid elec-
troactive material pairings. While the chemical redox has been
motivated by RTFBs, such experiments can provide insights rele-
vant to other applications/systems relying on chemical redox as
well, such as photochemical flow batteries (Li et al, 2015; Liao
et al, 2016), overcharge protection of Li-ion batteries (Zhang
et al., 2012; Moshurchak et al., 2005), and battery recycling (Yu
et al., 2019).

2. Materials and methods
2.1. Materials

Commercial carbon coated LFP (Xiamen TOB New Energy Tech-
nology, China), potassium ferricyanide (K;[Fe{CNJ)], Sigma
Aldrich), potassium ferrocyanide (K [Fe(CN)s], Sigma Aldrich),
and lithium sulfate (Li; S0y, Fisher Scientific) were used as received
without further purification.

2.2. Methods

2.2.1. 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 sin-
tered LFP pellet, 1.5 g LFP active material powder was loaded into
a 16 mm diameter Carver pellet die and pressed with 12,000 lby for
2 minina Carver hydraulic press. Next, the pellets were heated ina
Lindberg/Blue M tube furnace from room temperature to 400 *C at
a ramp rate of 1 °C min~' under Ny armosphere, with an inert
ammosphere chosen to minimize the possibility 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.

2.2.2. 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 Ku
radiation between 26 values of 15 and 40°,
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2.2.3. 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 col-
umn (Cole Parmer, 10 mm diameter, adjustable height). Teflon frits
(Cole Parmer, 5 pm) 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 Kx[Fe{CN )] in deion-
ized (DI) water was regulated using a syringe pump (KDS 100 ser-
ies). A picture of the PBR experimental setup can be found in
Fig. 1b.

The experimental conditions used in this study are listed in
Table 1. Further discussion of the selection of the experimental
conditions can be found in the Supplementary Material. The bed
height was varied from 0.5 to 1.5 cm with corresponding loading
of 0.5-1.5 g sintered LFP resulting in the total combined porefvoid
volume fraction being constant at approximately 0.63. To study the
effects of varying [Fe{CN)s|*~ concentration on LFP conversion, [Fe
{CN)g]* 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)sF - solution, flow rates of 30, 42, 54 and, 66 mL h™! were
used. Except for the experiments 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 con-
ducted 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
(CNJg)* feed soludon 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 h 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 remperature 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 asused 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((N)g]*~. The
remaining powder (usually a blend of unreacted LFP and LFP con-
verted to FP) was then dried overnight in a fume hood, and subse-
quently dried an additional 8 h in an ambient oven at 80 °C,
followed by an additional 4 h of drying in a vacuum oven at 80
OC. In some cases, the dried LFP/FP after reaction of the LFP with
[Fe(CN)s]*~ was used for further electrochemical and materials
characterization.

2.2.4. Cyclic voltammetry

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
volammetry (CV) sweeps in a three-electrode system: Pt micro-
electrode (100-pm diameter, BASi) as the working electrode, Pt
wire (1 mm diameter, 4 cm length, Sigma Aldrich) as the counter
electrode, and Ag/AgCl (immersed in KCl gel electrolyte, 74 mm
length Ag wire, Pine research) as the reference electrode. A picture
of the three-electrode system can be found in Fiz 1d. The feed
solution of [Fe(CNJs]'~ 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 effective diffusion coefficient of the redox shuttle
and the measured currents were consistent. The diffusion
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Table 1
Experimental conditions used in this study.
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Temperature (*C) LFP bed-height (om)

Flow rate (mL hr=')

Shuttle concentration (mol L=") Shuttle volume (mL)

224 05 30
224 1.0 30
224 1.5 30
224 1.0 42
224 1.0 54
214 1.0 (511
224 1.0 54
224 1.0 54

4.0 1.0 54
13.0 1.0 54
40,0 1.0 54

02 30
02
02
02
02
02
0.1
03
02
02
02

222222232283

coefficient of [Fe{CN)g]* ~ estimated using Randles-Sevcik Equation
was found to be 2.49 1,15 = 10°° cm® s, in agreement with pre-
vious reports (Baur and Wightman, 1991). For each aliquot of the
reactor effluent, CV sweeps were conducted at 20 mV s~ ' between
0.0 and 0.5 V (vs. Ag/AgCl) and using the diffusion coefficient esti-
mated from the previous step and the Randles-Sevcik equation, the
concentration of the [Fe(CN)s]* species was determined. In gen-
eral, the [Fe[CNiP~ in the effluent was lower than the [Fe
(CNJs)* in the feed due to conversion o [Fe{CN)s|" ", and reduc-
tion of each mol of [Fe{CN)g]* 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)g]*~ in solution (see Supplementary
Material for additional details and CV results in Figure 51).

CV scans were also conducted on the LFP solid electroactive
material. For electrochemical evaluation, the LFP powder was pro-
cessed 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 = 5 cm) and dried
overnight at 80 °C in an oven. Electrodes were then evaluated in
a three-electrode system: LFP coated within Ni foam as the work-
ing electrode, Pt wire as the counter electrode, and Ag/AgCl{in con-
centrated KCl gel) as the reference electrode. The electrolyte was
0.1 mol L ! Li,50, dissolved in DI water. CV scans of the LFP elec-
trode were collected at 0.02 mV s~ ' between —0.1 - 0.5 V vs. Ag/
AgCl (example scans can be found in Supplementary Material, Fig-
ure 52a). The half-wawve 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 (Padhi et al, 1997; Yuan
et al., 2011).

The CV scans for 0.1 mol L' [Fe{CN)g]*~ solution in the elec-
trolyte used for the LFP CV experiments (0.1 mol L' Li;S0, ague-
ous solution) can be found in Supplementary Material, Figure 52b,
The estimated half-wave potential of [Fe{CN)s|~ was 0.247 V (vs.
AgfAgCl), consistent with previous literature (Luo et al., 2017).

2.2.5. 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 1b (details in Supplementary Material, Figure 53).
HCT was performed on a Zeiss Xradia Versa 520 at Oak Ridge
Mational Laboratory. The ¥-ray source was tuned to B0 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 was about 16 pm. For the XCT acquisition,
1601 evenly spaced projections, each with 4 s exposure, were col-
lected over 360° rotation. These collected projections were then
loaded into Zeiss reconstruction tool, which completes the

filtered-back-projection (FBP) based reconstruction. Image pro-
cessing and analysis were performed using Amira Avizo software,
The XCT setup is detailed in the Supplementary Material and a 3-
D reconstruction of LFP packed bed is shown in Fig. 1c.

2.2.6. 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 eval-
uated 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)]
was flowed at 54 mL hr ! for 67 min 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 B0:10: 10 (by witk) active material : carbon
black: PVDF, where the active material was LFP, sintered LFP, or FP
after oxidation by [Fe(CN)g]*~ (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 sinter-
ing and then oxidation to FP using Ks[Fe[CN)g]) 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 pm. 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 elec-
trodes, measured using a digital micrometer, was found to be
100 # 5 ym for LFP, 70 # 3 pm for sintered LFP, and 70 + 3 pm
for FP from oxidation of sintered LFP with [Fe(CN)s]® . The active
material loading was 9.7 + 0.2 mg cm 2 for LFP, 9.4 + 0.2 mg cm 2
for sintered LFP and, 9.1 +0.1 mg cm* for FP from oxidation of sin-
tered LFP with [Fe(CN)s|*". The errors were the standard deviaton
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 pm thickness) were used
as the anode, 1.2 mol L' LiPFg 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 Sci-
entific, G6 0.32 mm thickness). Three cells were made for each
cathode active material. The cells were charged at room tempera-
ture with the same charge and discharge rate at C/20, C/10, C/5,
€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 pro-
files obtained at C{20 rates for each material (Supplementary
Material, Figure S4a). The first two charge/discharge cycles for sin-
tered LFP and LFP after reaction in the PBR can be found in Supple-
mentary Material, Figures 54b,c. Note that after oxidation of LFP in
the PBR to FP the first cycle was a discharge to reduce/lithiate the



D Gupta, ¥. Zhang Z Ne et al.

FP back to LFP. As pearly the same gravimetric capacity for LFP was
obtained during the first discharge of the FP material, this result
was consistent with complete oxidation/conversion of the LFP
material the PBR. For rate capability experiments, three cycles at
each C rate were performed, totaling 18 cycles. Representative
charge/discharge capacities for the cycling of the cells art different
C rates can be found in the Supplementary Material, Figure 55.
MNote 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 K3Fe{CN)g) cells were started with a discharge cycle. The voltage
window for all electrochemical measurements was 2.5 o 4 V (vs.
LifLi")

2.2.7. 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)g]* ) were observed using scanning electron micro-
scopy (SEM, Quanta 650 SEM). X-ray diffraction patterns were
taken of these three materials along with FP prepared via chemical
oxidadon with an alternative previous reported method as a refer-
ence (Lepage et al., 2014). The surface area of the original and sin-
tered 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.

3. 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
(Padhi et al., 1997; Zubi et al., 2018). These features make LFP an
attractive option for RTFBs designed for grid-scale storage, as
resource abundanceflow cost and long-term reliability/cycling
are key qualities for the stationary energy storage applications
likely best suited to RTFBs (Yan and Wang, 2018).LFP also has a flat
half-wave potential at 3.45 V (vs, Lif Li*) which offers advantages
for RTFBs. First, a flat potential means that the overpotential
needed from the redox shutte to drive LFP oxidation or FP reduc-
tion 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 oxidiz-
ing redox shuttles and electrolytes that would be compatible with
LFP.

[Fe{CN) [P and its reduced form, [Fe(CN)g]'  are stable and
reversible redox shuttes that have been demonstrated in aqueous
flow batteries with excellent cyclability (Luo et al, 2017; Gong
et al., 2015; Luo et al., 2019). Recently, rapid kinetics were demon-
strated for chemical oxidation of LFP with [Fe(CN)g]* " in a three-
electrode cell, where 95% of [Fe{CN)s]* was reduced by 3 times
equivalent capacity of LFP (Yu et al., 2019). Hence, this promising
reported result motivated the selection of the LFP and [Fe
(CNJs)* chemical redox reaction for this initial demonstration of
a chemical redox PBR (Vivo-Vilches et al., 2021; Chen et al.,
2019). CV scans on [Fe[CN)s)® [[Fe(CN)s]* solutions resulted in
a measured half-wave potential of 0.247 V (vs. Ag/ AgCl), which
was 60 mV higher than LFP {relevant CV scans can be found in Sup-
plementary Material, Figure 52). As the relative fraction of [Fe
(CNJ]* in prepared solutions with different concentrations of
[Fe(CNs] [[Fe(CN)s]*~ was varied, relatively small variations in
half-wave potential were observed (from 0.248 V to 0.220 V vs.
AgfAgCl, as shown in Supplementary Marterial, Figure 51) There-
fore, a driving potential of 30-60 mV was assumed between LFP
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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 shutdes 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 (Cussler and Cussler, 2009, 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 electro-
chemical 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 actually
achieved. Thus, to mitigate these issues, the as-received LFP pow-
der was mildly thermally treated in a flowing N; atmosphere to
provide coarser LFP aggregates - although it is noted the aggre-
gates were 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 pm to several mm, as can be seen in the XCT image
in Fig 2c and 2d.

3.1. LFPFP 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. However, it was desired to retain the primary par-
ticle size of the LFP to maintain high total surface area available for
chemical redox reactions and to mitigate ransport of Li* and e
within the primary particles drastically reducing the achievable
reaction rate (Gaberscek et al, 2007). Mild sintering at 400 *C
has been shown to be sufficient to form particle connections but
stll retain electrochemical activity for LFP (Ravet et al., 2007).
SEM images confirmed the primary particle size did not dramati-
cally increase after sintering of LFP particles at 400 °C (Fig. 3a,b).
Secondary particle aggregates were difficult o assess; however,
secondary agegregates tens of micrometers were observed in SEM
{examples can be found in Supplementary Material, Figure S6).
Furthermore, the XRD patterns revealed peaks consistent with
LFP both before and after the mild sintering step, and no impurity
peaks were observed in either pattern (Fig. 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 C20 and (/5 were nearly identical, suggesting that
electrochemically active LFP was retained after the sintering and
hand grinding process (see Supplementary Material, Figure 55). It
is noted that the capacity at the two highest rates was significantly
lower for the sintered LFP, although the capacity at low rates con-
ducted 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 trans-
port properties in the electrode microstructure for the larger aggre-
gates, though exploration of the root cause of the high rate capacity
difference was not pursued and this speculation was not experi-
mentally verified.

The sintered LFP was used in the PBR experiments. To confirm
the material was still an electroactive powder after chemical oxi-
dation, the powder was harvested after being oxidized in the PER
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Fig. 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 porefvoid. Two-dimensional slices of the LEP aggregates are shown
for ¢} 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 ageregates.

Fig. 3. SEM images of a) as-received LFP and b) sintered LFP after grinding by hand.

and then characterized. The LFP was chemically oxidized using
0.3 mol L~ [Fe{CN)s*~, and via analysis of the effluent the conver-
sion of the LFP to FP was estimated as 100%. This powder of LFP
oxidized to FP was evaluated using XRD (Fig. 4b), and the patterns
were in agreement with a previously established method for chem-
ically oxidizing LFP to FP with H0; (Lepage et al., 2014). 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 Supplementary Material, Figure 55). SEM
images of the material collected after oxidation and 100% conver-
sion to FP in the PBR can be found in Supplementary Material,
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Fig 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) (Kuss et al., 2014} and LFP after reaction
with [Fe(CN )P~ (purple), where analysis of reactor effluent indicated full conver-
sion of the LFP to FP. Patter ns were consistent with PDF- 01-078-7908 for LFP in a)
and PDF- 04-017-0610 for FPin b}

Figure 57. The SEM results suggested the primary particle mor-
phology was retained after the reaction in the PBR.

3.2, Pore structure and XCT analysis

The BET surface area of sintered particles was 8.8 m? g ' com-
pared to 11.3 m?* g ! for the original LFP powder. This reduction of
surface area may have in part been due to increased primary par-
ticle size, but even though the heat treatment was in inert atmo-
sphere 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 Supplementary Material,
Figure S8).

The particle and porefvoid distribution in the PER were also
analyzed using the XCT images. Fig. 2a,b are the distance maps of
the pores along the length and radial direction, respectively, in
the LFP PBR. XCT pixel pitch was 159 pm, so only relatively
large-scale pores and particles can be analyzed, and internal poros-
ity of the LFP aggregates was not accessible. The pore area distribu-
tion is shown in Supplementary Material, Figure 59, On a number
basis many of the pores were near the limit of what can be
detected in ¥CT, and thus the extent to which some of the smallest
pores from XCT were artifacts was less clear. In any case, the anal-
ysis 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 and 0.4 mm®
area. Fig. 2c,d show the 3D reconstruction of LFP particles. The par-
ticle size distribution was extracted from this XCT image and the
outcomes can be found in Supplementary Material, Figure 510,
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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
ageregates > 0.5 mm as determined by XCT analysis.

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 suggested the LFP moles available to react was pri-
marily in large aggregates with approximately 41% porosity which
would be filled with electrolyte, although there were likely smaller
particles between the large aggregates that contributed a relatively
small amount to the chemical redox reaction but may have inter-
acted with the electrolyte fluid flowing past to for example provide
additional drag.

3.3. 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)s]*: 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|* ) concentra-
tion, 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 PER prior to operaton. 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 PER, though for the experiments herein it was maintained at
a single value through immersion of the PER 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 (Navidi, 2008). In this study, conversion of
LFP in the packed bed was the dependent variable, and bed height,
flow rate, [Fe{CN)s]* ~ concentration, and reactor temperature were
the independent variables. The null hypothesis was that observed
variation in conversion for a sample set was due t 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.

3.3.1. 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 temper-
ature 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
PER was chosen such that the volume of electrolyte flowed through
each bed height contained a total of ~ 2 times moles of redox shut-
tle relative to the moles of LFP in the packed bed reactor. In other



D. Gupta, ¥. Zhang 7 Nie et al.

words, the total [Fe(CN)g]*~ fed through the PER for each experi-
ment 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 Fig 5a-c. Experimental condi-
tions were run in triplicate with each line in Fig. 5a,c representing
a separate experiment, and each data pointin Fig 5b correspond-
ing to an experiment, Fig. 5b contains just the total moles of LFP
converted after 30 mL of redox shutte solution had passed through
the column, with each data point representing a different experi-
ment This analysis is shown because the stoichiometry in Fig. 5a
corresponds to different total moles of LFP because the greater
height has more total moles of LFP loaded in the column, It is noted
that the two shorter bed heights in Fig. 5a (0.5 and 1.0 cm) had
much more variation in the conversion as a function of effluent
volumefreaction time. It is speculated this may have been due to
variations in bed packing, where for example the packing could
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Fig 5. a) Conversion of LFP solid material in the reactor at different bed heights of
0.5 cm (black), 1.0 an (red), and 1.5 cm (green) as a function of volume of redox
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condi tons were run in triplicate, and each experiment is a different line ina)and c,
and data point in b}

Chemical Engineering Science 251 (2022) 117443

result in zones where the fluid bypasses some of the particle
regions and those regions/particles do not react as completely.
Such an effect would be expected to result in greater variabilicy
in LFP conversion for columns with lower total thickness/volume,
where a relatively small bypassed zone would have a proportion-
ally greater impact on the total measured conversion of LFP in
the column.

The molar conversion of LFP to FP after completing flowing
2 mol [Fe[CN)g[* ~ per mol of LFP for the different bed heights var-
ied between 81 and 88%, with the 1.5 cm bed height having a
slighdy higher conversion (Supplementary Material, Table 51).
However, there was not a significant difference of conversion
between the three bed heights after flowing through equivalent
molar stoichiometries of [Fe{CN)g)* ", as determined by one-way
ANOVA (p = 0.624). Hence, when proportional total moles of
[Fe(CNJ]* solution was flowed 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)sF - solution (30 mL, 6 mol) flowed through, there was a sig-
nificant difference between molar conversion of LFPin different bed
heights (p = 0.00024). Thus, if same amount of [Fe{CN s~ was flo-
wed then the molar conversion of LFP had a linear correlation to
bed height, as shown in Fig. 5b. Therefore, molar conversion of LFP
was dependent upon bed-height for the same moles of redox shuttle
flowed through, but for the same molar ratio of LFP to redox shutte
there was not a significant difference in conversion.

3.3.2. Aow rate variation

For constant bed height (1.0 an) and concentration (0.2 M [Fe
{CN)g)* ), four flow rates were evaluated at room temperature:
30,42, 54, and 66 mL h ! corresponding to average residence rimes
of 94, 67,52, and 43 s, respectively. The molar ratio of total moles
[Fe(CN)s ]~ 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 = 10°% o 22 = 1072
(Rawlings and Ekerdt, 2002), hence the flow through the column
was expected to occur in the laminar regime. As shown in Fig. 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 and
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
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Fig 6. Conversion of LFP to FP after flowing 60 mL of 0.2 mol L~ [Fe(CN);]* in a
1.0 cm packed bed of LFP at di ferent low rates. Experimental condidons were run
in triplicate and each data point is a different experimental run.
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hr'. Varying flow-rates would affect the bulk ransport of the
[Fe(CN)s|*~ reactant in the packed bed, and increased conversion
with increasing flow rate would have indicated overcoming exter-
nal mass transport resistances in the PBR (Rawlings and Ekerdt,
2002). The lack of flow rate dependence indicated the PER was
operating in a regime without external mass transport resistances
at the secondary LFPFP particle aggregate surfaces.

3.3.3. 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 raversed
the PBR, meaning the ttal number of moles (x107%) of
[Fe(CN)s|*~ through the reactor was 6, 12, and 18 for 0.1, 0.2,
and 03 mol L' concentration, respectively. Thus, the ratio
between moles of LFP in packed bed reactor to total moles of
[Fe(CNJs]*~ fed was 1:1, 1:2, and 1:3 for 0.1, 0.2, and 0.3 mol L'
concenfration, respectvely. As shown in Fig. 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
concentration, The LFP in the PBR was completely delithiated after
60 mL of 0.3 mol L' [Fe{CN)s]*" 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)gP® :LFP was
different. For 0.3 mol L' [Fe[CN)s]*" the total moles fed smichio-
metric ratio was 3:1, while for 0.1 mol L™" it was1:1.

Due to the differences in concentration and total moles fed, the
conversion of LFP based on wtal moles of [Fe{CN)s)* flowed
through the PBR was considered (Fig. 7b). Due  normalizing
based on total stoichiometry, the differences in the rate of conver-
sion 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* mol of
[Fe(CNg)F ~ flowed through the PBR), the conversion of LFP in for
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0.1,0.2, and 0.3 mol L' [Fe(CNg)[*~ was 56, 59, and 66 %, respec-
tively. 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 concen-
trations was still significant on the moles reactant fed bases
(p = 0.039).

For the experiments with variaton of redox concentration,
analysis was also conducted on the conversion of LFP with time
(Fig. 7c). Due to constant flow rate and feed concentration, the
analysis conducted on the basis of effluent volume would be the
same. Also, the effluent concentration of the redox shuttle in the
oxidized form (e.g, unreacted) as a function of the effluent volume
is shown (Fig. 7d), where a horizontal line designates the feed (or
equivalently maximum) concentration. As can be seen in these
results, although the highest feed concentrations resulted in the
greatest oxidation of the LFP, the amount of LFP reacted decreased
with timefredox shuttle solution volume faster as the redox shuttle
feed concentration was increased. To an extent this would be
expected - if the LFP was completely converted rapidly the unre-
acted redox shuttle in the outet would reach 100% of the feed con-
centration upon complete conversion of the solid.

3.3.4. 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 con-
centration was 0.2 mol L', The 22.4 °C temperature was achieved
by running the reactor at room temperature in the setup shown in
Fig. 1b. For 4,13, and 40 °C, a water bath was used to keep the PER
ar constant temperature, The [Fe{CNJs|*" feed solution was also
kept at the temperature of the PBR for each temperature.

As shown in Fig 8, the conversion of LFP in PBR after 60 mL of
the feed soluton 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

=

1.2

@ m =

X in Lij;.FePO,

e 2 o 2

ma

u L L L L
4 & 12 16

Inlet Fe"{CMN); (x10-% mol)

250
200
150
100

50

Fe(CN):]* Qutlet
Concentration (mmel L)

Effluent Volume (mL}

Fig 7. Conversion of LFP to FFwith the redox shuttle in the feed concentration of 0.1 mal L' (red), 0.2 mol L= (green), and 03 mol L' {blue L The conversion is shown on the
basis of a) volume of feed solution passed through the reactor and b) total moles of [Fe{CN);]*- Mowed through the reador. ¢) Moles of LEP converted inthe PER as a function
of time, and d} outlet [Fe{CH ] 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™", Experimental conditions were run in triplicate, and each experiment is a different line.

0



D. Gupta, Y. Zhang, Z Nie et al.

1

| ]
]

dl[:.ﬂ - B [ ] =
(=%
L o |
::D.-t - =
£
*01 kb

G L 1 1 L

0 10 0 30 a9 50

Temperature (°C)

Fig & Conversion of LEP to FP after flowing 60 mLof 0.2 M [Fe{CN);)*- through the
reactor at di ferent termperatures for 1.0 cm bed-height at 54 mL h=" solution feed.
Triplicates at each temperature are shown in this plot.

similar at ~80%, There was a significant difference between the
conversion obtained for the four temperature variations (p = 1.2
= 10 *). However, the conversion at 4 °C {53.5%) was much lower
than the conversion at higher temperatures, It has been shown pre-
viously that phase boundary movement during electrochemical
redox in micron sized LFP is controlled by surface reaction (i.e,
Li* diffusion in different crystallographic planes) (Huang et al.,
2013) and bulk diffusion limitations (solid-state Li* diffusion along
[101] direction) (Hong et al., 2017; Srinivasan and Newman, 2006;
Oyama et al., 2012). Although these observations were for electro-
chemical redox in LFP, Li* transport through [101] channels in the
crystal plane is a behavior inherent to olivine LFP. Hence, the inter-
nal Li* ransport behavior was 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 4FeqsP0O4 was shown to decrease by an
order of magnitude for a temperature decrease from 20 °C to 0
*C (Xiang et al., 2018). 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" diffu-
sion) become limiting below a threshold temperature for the PBR
in this study (at temperatures below 20 *C). [Fe(CN)s]”* transport
in the liguid phase would also be slowed at lower temperatures
due to the diffusion coefficient dependence of [Fe{CNJs]*", how-
ever, 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.

3.4. Reaction process

The reaction between the redox shuttle, [Fe{CN)g]*~ and LFP in
the PER is an example of a heterogeneous reaction proposed to
occur in the following steps:

1) External ransport of [Fe{CN)g]*~ from the flowing bulk solu-
tion 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)gl* ~ as described in equa-
tion (1) would occur in multiple steps-

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)s]* and LFP (with the
electron coming from the Fe in the LFP):

[Fe(CN)s]' ™ + &~ — [Fe(CN)" (2)
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LiFePO4 — Li" +FePO4 +e”

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)g]*" and Li* away from the LFP surface
and through the LFP aggregate to the edge of the aggregate sec-
ondary 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 cores that
has been discussed for primary particles undergoing electrochem-
ical reactions in LFP electrodes (Malik et al.,, 2013). For the shrink-
ing core in the PBR, the LFP primary particles on the outer region of
the aggregate would convert to FP first, and the conversion of pri-
mary LFP particles to FP would then proceed towards the aggregate
core, Thus, the diffusion distance of [Fe{CN)s)*~ becomes greater
through the pore microstructure and past reacted FP primary par-
ticles towards the core to find LFP for undergoing reaction as the
reaction time and volume of feed solution progressed. The inde-
pendence of conversion with flow rate suggested external mass
transport resistance to the [Fe{CN)s]*" 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
(CNJ)*" 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)]*
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)s]* 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)g]* concentration was varied, not only did the high-
est concentration have the highest conversion on a volume of feed
solution basis (Fig. 7a), but also on a total moles fed basis (Fiz. 7b).
For the moles fed basis, this may have been because the higher
concentration redox shuttle solution can achieve higher concentra-
tions 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 shrink-
ing core concept, as the expected change in the diffusion coefficient
of the [Fe(CN)g]* " 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 elecrochemical measurements have suggested the
oxidadon kinetics for LFP undergo a dramatic decrease at 20 °C
(Xiangetal., 2018). suggesting 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 stud-
ies (Tang et al,, 2011; Huang et al,, 2013). However, the electrodes
are typically less than 200 pm thick. For this study, most of the
capacity came from particles in aggregates which were a couple

(3)
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of mm from the core o the surface. For such thick porous aggre-
gate sizes, the analogy to limitation in an electrochemical system
would be for much thicker electrodes where solution-phase trans-
port limitations limit the rate of the electrochemical reactions.
Such phenomena has been reported, for example porous thick sin-
tered electrodes (from few hundred pm to couple mm thickness)
have been characterized where the interstitial Li* transport in the
electrolyte phase through tortuous paths has been responsible
for limiting electrochemical reaction rates (Robinson et al., 2018),
and thus high rates of discharge were not accessible due to elec-
trolyte depletion (Nie et al, 2020). For the PBR reactor, the descrip-
tion of the limiting process postulated above is similar in that it is
transport of a species through the electrolyte phase in the intersti-
tial regions between particles, although the species in the PBR was
the redox shuttle rather than Li*.

The PER reactor system was similar to that of chemical looping
combustion, where gaseous fuel/ air reacts with metal oxide parti-
cles {Lyngfelt, 2020). 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 opera-
tionalfapplication difference (and relevant 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 tem-
poral functionalities sensitive to the reaction progression. There-
fore, 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 pm) of metal oxide particles (i.e.
the solid reactant) were preferred (Lyngfelt, 2020). If the particles
were too big (8 mm), there was insufficient conversion. If the par-
ticles 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 aggre-
gate 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. Conclusion

In this work, a reactor system was reported which enabled eval-
uation of the extent of chemical oxidation of a solid Li-ion elec-
troactive material, LFP, with a dissolved redox shuttle compound.
The conversion in the reactor was tracked as a function of time
for variadons of different reactor conditions: bed-height, concen-
tration 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 conver-
sion, and bed-height did not impact the molar conversion of LFP
when stoichiometric amounts of shutte were flowed. 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 tem-
perature the molar LFP conversion became dependent upon tem-
perature. A reaction mechanism based on these observations was
suggested where a shrinking core of LFP conversion to FP propa-
gated at the LFP aggregate level, where for most reaction condi-
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tions 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 applica-
tions and potentially others such as the recycling and extraction
of Li' from spent Li-ion battery materials.
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