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Emerging electrochemical systems relevant to energy applications including redox targeted flow batteries rely on
chemical redox of solid electroactive materials using dissolved redox couples. One configuration to facilitate
contact between the redox shuttles and solid material which is volume efficient is a packed bed reactor. While
methods have been reported to assess the overall progression by analysis of the packed bed reactor effluent,
herein analysis of the spatial progression of the chemical redox will be reported. Combination of neutron and x-

Delithiation
ray tomography enabled assessing the pore and particle structure in the packed bed reactor and the spatial
homogeneity of the reaction at different overall extents of conversion of the reactor bed. These characterization
tools provide methods to probe the chemical redox processes occurring within the reactor environment.
Introduction conventional flow batteries [3,4,7]. An intrinsic tradeoff for RTFBs

Chemical oxidation and reduction (e.g., redox) of solid electroactive
material by dissolved electroactive species (redox shuttles) has emerged
as a key process for multiple technologies. Perhaps the most well-known
application where redox shuttles interact with solid electroactive par-
ticles has been overcharge protection, where electrochemical current
was reported to be carried by dissolved species in the electrolyte to avoid
reaching deleterious cell potentials [1,2]. In such processes, however,
the redox shuttle was not necessarily targeted towards driving chemical
redox of the solid phase material. A more direct example of chemical
redox of solid electroactive material with redox shuttles have been
redox-targeting flow batteries (RTFBs) [3,4]. In these systems, the ma-
jority of the energy was stored in solid particles within packed beds or
tanks, and the power was delivered from redox shuttles which flowed
through an electrochemical cell stack [5,6]. Extended discharge dura-
tion of the redox shuttles was enabled by the chemical redox process
returning the shuttles to the “charged” state, and the chemical and
electrochemical processes were reversible to enable large extents of
oxidation and reduction of the shuttles and solid particles. Relative to
conventional flow batteries that have both energy and power provided
by dissolved electroactive species, solubility no longer limits energy
density of RTFBs and thus they have been reported to potentially offer an
increase in volumetric energy density by a factor of 8-10 over
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relative to conventional flow batteries has been the need for a potential
difference between the redox shuttles and the solid electroactive species
to thermodynamically drive the chemical redox reactions, and thus
round trip efficiency must be traded for the increased energy density.
Another system which was similar in operation to RTFBs has also been
reported for potentially recycling solutions from lithium-ion (Li-ion)
battery electrodes [8]. In the recycling system, the redox shuttles and
chemical redox were used to drive lithium in and out of a host solid
electroactive material, with the goal of extracting and concentrating
lithium ions to recycle the lithium from spent Li-ion battery cells.

The potential systems and applications of chemical redox of Li-ion
solid electroactive material has led to recent research reports studying
different aspects of the chemical and electrochemical processes
involved. Experimental systems probing progression of the chemical
redox process have included solid electroactive material in the form of
dispersions, bound in composite electrode strips, and fused into sintered
aggregates [6,7,9-11]. Many of these studies have been conducted in
batch reactor configurations, which has advantages with regards to
removing the additional complications of pumping systems and tubing
and keeping total reactant amounts relatively low. However, batch
setups make the use of larger amounts of electroactive material more
challenging and from an RTFB application standpoint result in generally
less loading/volume fraction of electroactive material, which reduces
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volumetric energy density of the system. To address these batch reactor
limitations, packed bed reactors (PBRs) have been reported for analysis
of chemical redox between redox shuttles and solid electroactive ma-
terial [5,12]. For a PBR configuration, the electroactive particles have
been loaded into a column, with the redox shuttle solution pumped
through the column and reacting with the particle bed before exiting the
column. Relative to alternatives such as a stirred tank reactor, a PBR can
achieve more efficient electroactive material volume loading, which in
principal will result in higher energy density when used in a RTFB
application. A known drawback for a packed bed is the pressure drop for
the fluid traversing the column which will require higher pumping en-
ergy. Another potential limitation of the PBR relative to batch config-
urations was that while most batch systems have been assumed to have
the reaction uniformly distributed in space (e.g., well mixed), this
assumption may not be valid for a PBR.

For many of the batch systems the reaction was assumed to be
distributed uniformly, however; for systems with packed particles
(including strips and pellets, and especially packed beds) the reaction
progression and preferential flow path within the reaction zone con-
taining particles has not been assessed. This is important for assessing
homogeneity of particle utilization and the mechanism of the reaction
(e.g., core-shell). As an example, heterogeneous reactions were studied
inside a PBR at multiple scales using computational methods for CO,
reduction to methanol[13], ethylene epoxidation[14], and methane dry
reforming in spark plasma reactors[15]. Recently our group reported a
PBR where the solid electroactive material was lithium iron phosphate
(LiFePO4, LFP) [12]. The LFP was packed into a column with a void
fraction of 0.37. Chemical oxidation of the LFP proceeded via flowing an
aqueous phase through the PBR that contained the redox shuttle po-
tassium ferricyanide (FeCN). The overall reaction between LFP and
FeCN was proposed as shown below:

LiFePO, + [Fe(CN)s]* — FePO, + [Fe(CN)¢[* + Li* (1)

In this previous report, the impact of different parameters on con-
version of LFP as a function of time (or equivalently redox shuttle so-
lution volume) was investigated. The LFP conversion was determined
via electrochemical analysis of the reactor effluent, where every mole of
ferricyanide which was reduced in the effluent was assumed to corre-
spond to a mole of LFP which was oxidized. However, even though the
overall conversion of the LFP was inferred from the measured changes in
the liquid effluent, no information was accessible on the homogeneity of
the spatial variation for the LFP conversion. Accessing the spatial vari-
ation of the chemical oxidation of the LFP could provide insights into the
limiting processes for the chemical conversion, and also whether the
redox shuttle fluid can access all of the solid electroactive material
within the column. For example, in the prior study it was not known
whether there was radial and/or linear gradients and/or heterogeneity
for the oxidation/delithiation of LFP, or whether particle size or pore
size within the column influenced the preferential flow and reaction
progression. As one extreme example, at an overall 50 % oxidation/
delithiation of the LFP material in the PBR, this would correspond to
either 50 % delithiation of all particles, or 100 % delithiation of only the
particles in the top half (and 0 % delithiation of the bottom half). Dis-
tinguishing between these two extremes was not possible in the prior
report, nor has access to such information in a redox targeted PBR been
reported previously to the authors’ knowledge.

Herein, we will describe an initial report of using neutron imaging to
access the spatial distribution of chemical oxidation of LFP in a PBR.
Neutron imaging has been previously reported as a non-destructive
technique for accessing the spatial progression of electrochemical re-
actions in operando during charge and discharge of Li-ion batteries
[16-21]. Neutron imaging was well suited to such characterization
because of the interaction of the neutrons with light nuclei, especially Li,
that greatly attenuate neutrons [18]. Thus, average transmission for
neutrons incident on a sample was highly sensitive to Li~ concentration,
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and because by far the most substantive change in composition during
charge/discharge of Li-ion batteries was Li~ concentration in the solid
phase electroactive material within the electrodes, changes in neutron
transmission during charge/discharge corresponded to the locations
where electrochemical reactions occurred within the cell [19]. Thus,
neutron imaging has provided information on spatial progression of
electrochemical reactions within Li-ion cells. These prior results on
electrochemical cells led us to hypothesize that neutron imaging could
be used to assess the spatial distribution of the chemical redox process of
oxidation of LFP with a redox shuttle (i.e., ferricyanide). In this initial
demonstration of neutron imaging of a LFP packed bed which has un-
dergone chemical oxidation with a redox shuttle flowed through the
PBR, we conducted not just neutron imaging but also three-dimensional
(3D) neutron tomography on the PBR. As will be described, tomography
enabled probing semi-quantitatively the 3D heterogeneity of the
chemical oxidation of LFP; however, due to the timescales required for
collecting neutron tomography (—6-18 h) operando tomography ex-
periments were not possible and analysis had to be conducted after the
chemical oxidation process [18]. It is also noted that the resolution of
the neutron tomography (pixel pitch for experiments herein of 43.4 ym)
needed to be considered with regards to resolution of the reaction het-
erogeneity probed, however, the interstitial voids/pores and LFP ag-
gregates were for the most part much larger than the pixel pitch. Particle
aggregate and void size distributions relevant for this system were dis-
cussed in a prior report [12], and >99 % of the particle volume was
particles with lengths over 0.5 mm and >75 % of the void volume was
voids with widths >160 pm as determined from XCT analysis. Thus the
technique still showed promise for the goal of tracking spatial reaction
progression within the PBR.

Materials and methods

Columns were fabricated out of polytetrafluoroethylene (PTFE) and
as received were 16 mm outer diameter (MSC). Columns were machined
to have custom length of 10 mm and inner diameter of 10 mm. The PTFE
columns were then filled with LFP (Xiamen TOB New Energy Technol-
ogy, China) particles which had been sintered and then pulverized (see
previous work for details on LFP processing [12]). LFP in the columns
was supported by PTFE frits (Cole Parmer, 5 pm). Additional details on
the PBR setup can be found in Supplementary Material.

A schematic for the PBR setup can be found in Fig. 1a. The FeCN
solution was passed though the PBR with the driving force for flowing
the solution provided by a syringe pump (KDS 100 Legacy). The Rey-
nolds number for the packed bed was estimated to be 0.01, and thus
within the laminar flow regime. Total reaction progression across the
PBR was monitored using cyclic voltammetry (CV) analysis of aliquots
collected from the reactor effluent (Fig. 1b). This technique for using CV
to track the total progression of the chemical oxidation of the LFP by an
FeCN redox shuttle was described in a previous study [12]. The relative
amount of FeCN (Sigma Aldrich) in the oxidized form in the column
effluent was determined from CV peak currents measured in the aliquots
and by applying the Randles-Sevcik equation [22]. CV peak current was
previously reported to have a linear dependence on FeCN relative
fraction in the oxidized form using the same method [12]. The amount
of FeCN in the effluent which had been reduced to Fe?" was assumed to
have gained an electron from chemical redox reaction with LFP (Eq. 1).
Thus, the extent of overall LFP oxidation could be tracked for each
aliquot which exited the column, consistent with previously reported
and validated methods. Using electrochemical methods to track the
progression of overall LFP oxidation in the column, it was possible to
confirm nominally identical PBR experiments with regards to reaction
progression were being conducted. For this report, the reaction was
stopped at different extents of total LFP oxidation by stopping the redox
shuttle feed to the reactor after a target conversion of the LFP material in
the PBR to FePQ, (FP). To stop the reaction, the feed was switched from
the FeCN solution to water. This was accomplished by changing the feed
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Fig. 1. Schematics of a) packed bed reactor experimental setup, b) three-electrode cells used for cyclic voltammetry on reactor effluent aliquots to determine overall
reactor progression, and c) ex situ neutron imaging experimental setup at the CG-1D neutron imaging beamline at HFIR, ORNL. The objects are not drawn to scale

and are for illustrative purposes only.

syringe from one containing the FeCN solution to one containing only
water. A total of 50 mL of water was purged through the column, and CV
analysis was conducted on aliquots during the purge to confirm that the
features consistent with FeCN in solution was no longer detectable.
without additional FeCN fed, there was no longer an oxidizing agent to
drive the LFP oxidation forward. In addition, as the water replaced the
FeCN solution, it was expected that there were no longer sufficient ionic
charge carriers to redistribute the lithium distribution between particles
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(including within porous aggregates) within the PBR. The water did not
contain any salt (and thus no Li™) and thus solution phase Li* transport
was not expected to be able to redistribute Li™. The water was also fed at
the same temperature as the initial FeCN solution (i.e., room tempera-
ture). Thus, the total extent of reaction could be stopped at a targeted
extent of LFP oxidation. The targeted amounts of LFP oxidation were
approximately 25 %, 50 %, 75 %, and 100 %. For this study, a termi-
nology of LFP-X was used, where X was the percentage of LFP in the PBR
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(thus 100-X corresponded to the relative percentage of FP). As an
example, LFP-75 contained 75 % LFP, which meant 25 % (on a molar
basis) of the LFP had been oxidized to FP as determined from reactor
effluent measurements.

In total, 5 samples were prepared. LFP-25, LFP-50, and LFP-75 were
prepared by oxidizing LFP to the desired amount as described earlier via
oxidation with FeCN. There was also a LFP-100 baseline which was
packed with sintered LFP aggregates and never contacted any redox
shuttle solution. A LFP-0O baseline had 100 % conversion of the LFP
powder to FP. All samples which had been in contact with aqueous so-
lutions were thoroughly dried via drying in a convection oven for 8 h at
80 °C and then vacuum oven for over 2 h at 120 °C.

Neutron imaging was conducted at the CG-1D neutron imaging
beamline at the High Flux Isotope Reactor (HFIR) at Oak Ridge National
Laboratory (ORNL)[23]. A cartoon schematic of the neutron imaging
setup at CG-1D can be found in Fig. 1c. A collimated neutron source
passed though the column, including the region that contained the LFP/
FP packed bed of particles. The neutrons will interact with the entire
PBR sample, and those that transmit through the sample will be con-
verted into light signals at the scintillator screen. The light signal was
reflected by a 45° mirror and recorded by a charge-coupled device (CCD)
camera (Andor iKon-L 936). The sample column was mounted on a
rotation stage that rotated from 0° to 360° during the computed to-
mography (CT) scan. At every 0.43°, a radiograph, called a projection,
with 70 s exposure was collected. 2D projections were then recon-
structed by iMars3D using filtered-back-projection [24].

X-ray computed tomography (XCT) was also conducted on the same
LFP/FP PBR samples loaded into columns prior to the neutron computed
tomography (NCT) experiments. Details of XCT setup can be found in a
previous report [12]. Image processing and analysis of NCTs and XCTs
were performed using Amira Avizo software packages. The experimental
tomography images were analyzed in the context of the reactions
occurring in the PBR and the packed material microstructure. This study
reports for the first time the spatiotemporal variation of Li™ distribution
in the PBR designed towards RTFBs and other applications making use of
chemical oxidation of solid electroactive materials.

Results

In this work, oxidation of LFP to FP in the PBR was expected to
proceed according to the reaction in Eq. 1. As a result of this reaction,
the net compositional change in the solid phase was loss of Li*, with the
loss of Li™ corresponding to the extent to which the oxidation proceeded
forward. This Li™ was then carried away in the reactor effluent. Elec-
trochemical analysis of the redox shuttles in the effluent was used to
determine the overall conversion of the reactor, which enabled the
different LFP-X compositional samples to be prepared. Due to the
sensitivity of neutrons to lithium concentration, it was expected that the
relative intensity of the neutron radiographs collected on the column
samples would provide spatial information that corresponded to the
relative lithium concentration (and thus relative extent of oxidation) of
the LFP particles. Thus, neutron imaging was expected to provide
visualization of how the chemical redox proceeded spatially in the
packed bed. Neutron radiography measured 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-type
behavior,

1(2) = le™ ()
with incident intensity I and transmitted intensity through the sample I.
Ax is the thickness of the samples and p is the attenuation coefficient
given by,

. O, (J“NA)

p(A) o

(3)
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where g, is the cross-section for neutrons of the material with density p,
N, is Avogadro’s number, and M is molar mass. Eq. (2) and (3) can be
extended to heterogeneous and irregular thickness samples, such as
those in this study, for neutron radiography and tomography.

Due to the fundamental nature of neutron interactions with materials
as described by Eq. (2) and (3), and the high attenuation by lithium,
neutron imaging has previously shown great sensitivity to the Li™
composition for LFP [18]. In Fig. 2a, two-dimensional neutron radio-
graphs of the five LFP-X column samples with different degrees of
delithiation from chemical oxidation are shown. The fluid flow during
the reaction process was from top to bottom in the images, which was
also in the same direction as the force of gravity. The mean neutron
transmission from the radiographs was then normalized for the cylin-
drical sample geometry, and the mean transmission through the region
of the columns packed with LFP/FP particles was determined. This mean
neutron transmission (relative to average transmission of neutrons
determined from the mean neutron transmission from regions of the
detector that did not contain any sample material the neutrons passed
though) can be found in Fig. 2b. It was found that there was a linear
relationship between total Li* concentration of the solid material loaded
in the column and the average neutron transmission (R*> = 95.6 %),
where LFP-100 had the lowest average relative transmission and LFP-
0 had the highest average neutron transmission. This outcome was
consistent with the expectation that samples with higher Li concentra-
tion would have higher neutron attenuation and thus lower neutron
transmission. While the average neutron transmission across the column
regions loaded with particles was consistent with the overall Li™ con-
centration progression, regions of heterogeneity with regards to neutron
radiograph contrast/intensity were noted. As one example, there was a
noticeable region on the right-hand side of LFP-25 which was darker
than the rest of the sample. This result suggested that corresponding
region likely had a relatively higher Li* concentration, suggesting that
there were regions within the column that had experienced much less
oxidation/delithiation during the chemical redox process. To gain
further insights into the heterogeneity of the chemical oxidation and
preferential flow path within the column, neutron tomography was also
assessed for the column samples and will be discussed in further detail
below (NCT cross-sections can be found in Fig. 3a—e and Fig. 4a—c.

Fig. 3 contains radial cross-sections extracted from NCTs (Fig. 3a-€)
or XCTs (Fig. 3f—j) for the different LFP-X materials. NCTs were com-
plemented with XCTs in part because XCT had a smaller pixel pitch of 16
um to gain further insights to pore/void and particle size impacts to the
delithiation of LFP in the PBR [16,25]. NCT has successfully been used to
study Li-ion diffusion, gas evolution, and electrolyte consumption
[26-31]. However, recently LaManna et al [32], Zieshe et al. [16], and
Tengattini et al. [33] have demonstrated the combined use of XCT and
NCT, which can provide additional insights into the materials being
imaged. Radiographs were extracted from the XCT and NCT images at
the approximate midway location of the packed bed height, and while
collected at separate times and on separate instruments the radiographs
have been aligned to correspond to the same regions in the sample.

For the neutron radiographs extracted from NCTs in Fig. 3a-e, the
average attenuation of the neutrons that passed through the PBR was
represented by the indicated prismatic color scheme, with bright reds
and oranges correlating to regions of high attenuation coefficient
(mm~') and blues and violets corresponding to regions of relatively low
neutron attenuation coefficient. Li was the highest attenuating element
in the PBR, and thus the high attenuation regions were expected to
correspond to high Li concentration regions and low attenuation regions
were expected to correspond to low Li concentration regions. While LFP-
100 (Fig. 3a) had many regions of yellow and red which corresponded to
high attenuation/Li concentration, the LFP-0 (Fig. 3e) was almost all
blue which corresponded to low attenuation/Li concentration. This
result would be expected due to the dramatic differences in Li content in
the LFP solid phase for the 2 samples of 8.07 mol/L for LFP-100 and —0
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Fig. 2. a) Normalized radiographs of LFP/FP packed bed reactors at the five different extents of reaction/delithiation of the LFP assessed in this study. Color scale
corresponds to relative transmission in image using grayscale. b) Mean relative transmission (95 % confidence intervals for --70,000 pixels, where interval was
smaller than data point height) of neutrons through the packed bed region as a function of the overall relative LFP amount (balance was FP) in the packed bed

reactor. Fluid flow direction for images in a) was from top to bottom.

mol/L for LFP-0. LFP-75 (Fig. 3b), LFP-50 (Fig. 3¢), and LFP-25 (Fig. 3d)
were intermediate relative to the LFP-100 and LFP-0 concentration
endpoints; however, it was noted that these intermediate samples had
much more heterogeneity in the attenuation/Li distribution. When
comparing the neutron and x-ray images side-by-side, it was generally
observed that higher attenuation occurred in the larger aggregates, and
that for samples with increasing delithiation there was higher attenua-
tion towards the center of the particle aggregates compared to the sur-
face of the aggregates. This observation would be consistent with the
delithiation/oxidation propagating into the aggregate interior as the
reaction progressed, suggesting that the reaction rate may have been
limited by liquid phase microstructure transport of the redox shuttles to
the aggregate interiors. Given the many orders of magnitude lower
diffusion coefficient for Li™ in the solid LFP/FP compared to FeCN or Li™
in the aqueous phase, it was not expected that solid phase transport
contributed substantially to the Li™ redistribution within the particle
aggregates or column. There was also attenuation heterogeneity
observed that was much larger length scale than the particle aggregates.
For example, the lower left region of LFP-25 was almost all low atten-
uation (Fig. 3d), even though there were a number of larger aggregates
within that corresponding region as seen in the x-ray image (Fig. 3i).
This outcome was speculated to have resulted from the bulk electrolyte
flow and better access to the low attenuation regions (to proceed with
oxidation/delithiation) compared to the high attenuation regions. This
speculation will be further discussed below.

Fig. 4 displays axial cross-sections for the PBR for LFP-75, LFP-50,
and LFP-25. The three intermediate extents of delithiation were chosen
because at 0 % (e.g., LFP-100) and 100 % (e.g., LFP-0) oxidation/deli-
thiation heterogeneity in attenuation for the different larger regions
containing particle aggregates in the bed would not be expected and was
not observed. The cross-sections were either neutron images extracted
from NCT (Fig. 4a—c), x-ray radiographs extracted from XCT (Fig. 4d-f),
or pore distance maps determined from analysis of the XCT data
(Fig. 4g-i). For each sample, the images have been aligned to correspond
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to the same sample regions. At 25 % delithiation (LFP-75, Fig. 4a),
smaller-sized particles from the XCT-extracted image appeared to
correspond to lower attenuation and greater delithiation relative to
larger particle aggregates in the NCT-extracted image. This outcome was
consistent with observations on the radial images (Fig. 3) and with
transport limitations in the microstructure of the LFP aggregates limiting
the reaction progression due to mass transport accessibility to the in-
teriors of the larger aggregates. It was also noted that there was lower
attenuation and thus greater extent of oxidation for regions corre-
sponding to the top of the PBR relative to the bottom. The redox shuttle
solution progressed downward from the top of the column to the bottom,
and thus the greater extent of delithiation at the top may have been a
consequence of those regions first contacting the redox shuttle solution,
where the relative concentration of the reactive Fe** form of the redox
shuttle would be the greatest.

For LFP-50 and LFP-25, there were notable regions of attenuation
heterogeneity in the neutron images (Fig. 4b, ¢). For example, the region
on the right-hand side of the column for LFP-50 had much lower
attenuation, suggesting much greater extents of delithiation and
oxidation. It was noted that this area had relatively higher extents of
delithiation even though it corresponded to relatively large LFP aggre-
gates. It is speculated that the heterogeneity in delithiation of the LFP
may have been due to access of the redox shuttle solution following the
preferential flow path to the different regions of the column. Additional
analysis to support this limitation can be found in Fig. 4h, which con-
tains maps of pore lengths extracted from the XCT images. When
comparing Fig. 4b and h, it can be seen that regions of the column with
large extents of delithiation also corresponded to regions with larger
pores that were more interconnected. A region on the left-hand side with
the relatively smallest pore lengths also corresponded to the highest
attenuation/lowest delithiation region in the column. It was suspected
that the larger and connected pore regions facilitated lower resistance to
bulk fluid flow, and that the redox shuttle solution preferentially
accessed these regions of the column. This concept was also supported
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Fig. 3. Extracted radial cross-sections of the LFP/FP packed bed reactor from 3D reconstructed NCTs (left) and XCTs (right). On the left, (a-e) average attenuation
(mm™") of neutron beam is represented by the contrast between the particles (refer to color scale on the left). On the right (f-j), aligned XCT images show LFP
aggregates and pore/void regions. Each row corresponds to a different overall LFP/FP extent of lithiation (e.g., LFP-X).
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Fig. 4. Extracted cross-sections along the length of the LFP/FP packed bed reactor from 3D reconstructed NCTs (a-c) and XCTs (d-f) in the same corresponding
regions aligned to match for each sample (LFP-75, LFP-50, and LFP-25). The bottom row (g-i) contains pore distance maps extracted from analysis of the corre-
sponding XCT data. The color scales for top and bottom row represent average attenuation (mm ') of the neutron beam, and the distance between pores, respec-

tively. Fluid flow direction for all images was from top to bottom.

by the neutron images and pore length analysis from XCT that can be
found for LFP-25 in Fig. 4¢ and i, respectively. The region with the
smallest pore lengths on the right hand side also had the relatively
highest attenuation and the relatively lowest extent of oxidation/deli-
thiation, consistent with the redox shuttle fluid restricted from accessing
this region.

Discussion

The results above provide insights into the internal reaction pro-
gression of a LFP PBR. Such a reactor is relevant to applications
including RTFBs and Li-ion material recycling. While overall effluent
concentration measurements using electrochemical methods were pre-
viously reported to capture average reaction extent for the electroactive
powder in a PBR [12], radiographs extracted from NCTs and XCTs on the
packed bed region after different extents of reaction suggested that the
aggregate size and fluid accessibility were both important to oxidation
of the LFP aggregates. It is noted here that the NCT and XCT charac-
terization was all ex situ on extracted columns, and better access to the
dynamics of the reaction progression could be obtained by in operando
neutron imaging on the packed bed. Monitoring the reaction progression

(sl
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in real time will likely be limited to 2D projections of the column rather
than 3D NCT due to the dramatically different timescales for 2D and 3D
neutron imaging collection.

The results of this study also suggested that particle morphology and
pore connectivity play key roles in the preferential flow path and
resulting heterogeneity of the reaction progression. It is suggested that
future studies with electroactive particle aggregates of more uniform
size and shape will enable less ambiguous verification of whether the
rate limiting process is liquid phase redox shuttle transport through the

particle aggregate microstructure. Pore connectivity can be more diffi-
cult to control, but by varying particle size, shape, and/or loading
different pore sizes and connections should be attainable. Detailed study
of the mass transport processes within the PBR will provide insights into
the overall operation and limitations of the larger scale systems such as

RTFBs with PBRs.
Conclusions
LFP solid electroactive materials were packed into a column and

oxidized via a chemical redox process using dissolved redox shuttles to
different extents of overall oxidation as determined by analysis of the
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reactor effluent. Neutron imaging was conducted on the packed bed
reactors containing the LFP materials that had different extents of
oxidation. Changes in the average attenuation of the neutrons as a
function of the chemical oxidation progression for the overall packed
bed volume was consistent with expectations based on the net overall
expected change in lithium concentration in the packed bed. Neutron
tomography on the packed bed samples indicated that the reaction
distribution across the reactor was not homogeneous, with larger par-
ticle aggregates generally retaining more attenuation and regions with
finer pores/voids and less pore connectivity also maintaining relatively
higher attenuation. These results support that neutron imaging can be
used as a tool to track the spatial progression of chemical redox pro-
cesses where there are net changes in lithium composition, and that the
particle organization and microstructure influence the spatial homoge-
neity of the redox reaction. It is noted that for the packed bed reactor
some heterogeneity is expected to be unavoidable, for example gradients
in the LFP oxidation as a function of column length. However, within
more local regions of the column it would be desirable to avoid the zones
of lower extent of reaction caused by restricted access of the electrolyte.
It is expected low activity regions will reduce utilization of the reactor.
Analysis of the spatial distribution of chemical redox of lithium-ion
battery electroactive materials will be important in the design and
optimization of applications that take advantage of these processes, such
as redox targeting flow batteries.
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