Electrochimica Acta 253 (2017) 163-170

Contents lists available at ScienceDirect

Electrochimica Acta

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

_aman,

@ CrossMark

Electrochemical Characterization of Lithium-Ion Battery Cathode
Materials with Aqueous Flowing Dispersions

Zhaoxiang Qi, Hongxu Dong, Gary M. Koenig Jr.”

Department of Chemical Engineering, University of Virginia, 102 Engineers Way, Charlottesville, VA, 22904-4741, USA

ARTICLE INFO ABSTRACT

Article history:

Received 8 August 2017

Received in revised form 4 September 2017
Accepted 5 September 2017

Available online 6 September 2017

Battery active materials are evaluated using numerous material characterization techniques for
fundamental understanding, comparative analysis during research and development, and for quality
control during manufacturing. Electrochemical properties of the active materials also need to be
investigated and validated, and this analysis is very time and material intensive generally requiring
electrode fabrication, cell assembly and cell cycling. In addition, evaluating active materials
electrochemically in battery cells can be complicated by the electrode microstructure and the
contributions of other components within the cell that are not the active materials. In this report, an
active material characterization method is demonstrated to provide electrochemical insights for lithium-
ion cathode materials by dispersing them into aqueous electrolyte and flowing through an
electrochemical reaction cell. This method requires very little active material and time to conduct
the measurements, typically requiring under 0.1 grams of material and less than 10 minutes. The
measured resistance from this technique provides insights into the electrochemical performance of the
active material and generally correlates to the rate capability. This measured resistance is insensitive to
other electrode components or electrode microstructure because there is no electrode fabrication step.
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LiFePO4 was chosen as a commercial material for initial demonstration of the technique.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Lithium iron phosphate (LiFePO,, LFP) is an attractive lithium-
ion cathode active material due to its high capacity, cycling
stability, and abundancy of raw materials used in its production [1-
4]. However, the conductivity of LFP is low relative to other cathode
material candidates; therefore, extensive research has been done
to improve the high power performance of LFP by controlling the
particle morphology, coating with conductive carbon, and doping
with other elements [1,5-14]. Although notable improvements
have been achieved, LFP electrochemical performance varies
significantly across different methods and between different
batches from the same method [1,5-16]. In addition, LFP material
researchers synthesize significant numbers of variations of LFP
materials during optimization through modification of synthesis
parameters. These materials all need to be characterized to
understand the electrochemical performance and perform com-
parative analysis. While characterization of LFP materials is
necessary during research and development, LFP manufacturers
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also need to test LFP final products before shipping to electrode and
cell manufacturers. The conventional method to test electrode
materials involves electrode fabrication, cell assembly, and battery
cycling [5,17-19]. Although valuable for material comparison and/
or validation, electrochemical cell testing requires extensive effort,
materials, and time. In addition, battery cycling performance
results can be ambiguous because the measured performance
reflects not only the LFP material properties but also the material
properties of the other cell components, multiple material
interfaces, the electrode microstructure, and heterogeneity of
materials throughout the electrodes and cell. For example, the
properties and distribution of carbon and binder additives directly
impact the cell electrochemical performance [20-22], and even the
pressure applied to the electrode can influence the resulting cell
resistance [23]. These variations are very challenging to control
and to independently characterize and identify.

Our research group previously reported a characterization
method we refer to as “Dispersed Particle Resistance” (DPR) and
applied the technique to characterize Li4TisOi> (LTO) anode
materials dispersed in organic electrolytes [24]. DPR involved a
series of chronopotentiometry or chronoamperometry steps on
active material suspensions. This series of measurements resulted
in a number of currents measured for successively varied
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potentials or potentials measured for successively varied currents,
and in either case the slope from a linear fit of the potential-current
relationship from these battery active material dispersions
resulted in a resistance — the DPR of the suspension. This
resistance was measured during the collision and electrochemical
reactions of battery active material particles with an electrode, and
the primary contribution to the resistance resulted from the
particles themselves. The previous study demonstrated a correla-
tion between DPR and the rate capability of the LTO active
materials in identically prepared coin cells. The DPR method was
demonstrated to be relatively fast (<30 minutes), and could be
operated in succession for different material batches or different
particle loadings; however, the technique was still a batch-wise
process which hindered continuous operation and high through-
put [24]. Another challenge with the initial demonstration of the
technique was the use of organic lithium-ion battery electrolyte as
the dispersion fluid, resulting in the need to isolate the entire
system from ambient atmospheric conditions and requiring
flammable and relatively expensive solvents and salts. The use
of lithium metal as the counter electrode also contributed to
additional safety concerns [25,26].

Herein, we report major advances to the DPR characterization
method, and apply the new procedures to characterize lithium-ion
cathode materials in aqueous electrolyte in a continuous mode of
operation. LFP was chosen as the first active material to
demonstrate this analysis because 1) LFP has a flat charge/
discharge plateau which improves the consistency of DPR analysis,
2) the electrochemical potential of LFP intercalation/deintercala-
tion allows the use of aqueous carrier fluids for the suspension, and
3) LFP is stable in aqueous electrolyte, in particular within the short
measurement time of the DPR technique [24,27-30]. A new custom
electrochemical flow cell was designed for continuous analysis and
successfully decreased the total operation time to < 10 minutes.
LFP was suspended in aqueous electrolyte, providing operating
convenience and improved safety relative to organic electrolytes
[24,31,32]. Six different LFP materials were characterized using the
DPR technique in a flow-through cell to provide confidence in the
new method for the characterization of electrode active materials
and the correlation between rate capability and DPR with the new
electrolyte and cell design. The ability of the DPR technique to
detect aging effects of LFP exposed to aqueous electrolyte also was
demonstrated.

2. Experimental
2.1. Material Synthesis and Characterization

Six different LFP materials were characterized, which we refer
to as LFP-1, LFP-2, LFP-3, LFP-4, LFP-5, and LFP-6. These materials
were purchased from different suppliers and used as received.
Scanning electron microscope (SEM) images were taken for all LFP
materials with a Quanta 650 SEM to characterize the morphologies
of the powders. A Panalytical X'pert diffractometer with Cu Ka
radiation was used to obtain the X-ray diffraction (XRD) patterns of
the materials between 20 values of 15 and 65 degrees. Tap
densities were measured with a tap density analyzer with sample
volumes typically ~6mL in a 10-mL graduated cylinder (Quan-
tachrome Instruments). Thermogravimetric analysis (TGA) of the
LFP samples in air was conducted with a TA Instruments Q50. TGA
was performed at a ramp rate of 5°Cmin~! from room tempera-
ture to 800°C. BET surface area of the LFP materials was
determined with a surface area and pore size analyzer using
nitrogen as the probe gas (NOVA 2200e). The Fe concentration of
the electrolyte was measured using inductively coupled plasma
optical emission spectroscopy (ICP) analysis (PerkinElmer Optima
8000). The typical concentration range for ICP analysis was 0.1 to

100 ppm for the element Fe. To prepare ICP samples, the electrolyte
was carefully separated from the remaining solid LFP particles via
filtration and then diluted to the desired concentration. The Fe
concentration reported was the average of three separate
measurements. The standard deviations of all ICP measurements
were less than 1% of the reported average values.

2.2. Coin Cell Fabrication and Electrochemical Characterization

All LFP materials were characterized electrochemically first
using conventionally fabricated coin cells. Electrochemical char-
acterizations were carried out using CR2032-type coin cells with a
LFP electrode as the working electrode and lithium foil as the
counter and reference electrode, separated by a polypropylene/
polyethylene/polypropylene trilayer membrane. LFP electrodes
were prepared by first mixing 60 wt% LFP powder with 20 wt%
carbon black and 20 wt% polyvinylidene difluoride (PVDF) binder,
which was dissolved in N-methylpyrrolidone (NMP, Sigma-
Aldrich™). Relatively high carbon content was used to ensure
good connectivity and high conductivity between LFP particles and
relatively high binder content was used to provide good
mechanical robustness of the electrode films and adhesion to
the current collector. For coin cells made to demonstrate the
impact of excess carbon in the LFP samples, electrodes were also
fabricated without any additional carbon black additive. These
electrodes were comprised of 90 wt% LFP powder and 10 wt% PVDF
binder. The mixtures were then pasted on an aluminum foil using a
doctor blade with a gap thickness of 125 pm. Electrodes were dried
in an oven at 70 °C overnight and further dried in a vacuum oven at
70°C for an additional three hours while applying vacuum.
Electrode disks of 1.6 cm? were prepared using a punch, and the
loading of LFP active material in the electrodes for all samples was
~4 mg. The electrolyte for the coin cell measurements was 1.2 M
lithium hexafluorophosphate (LiPFg) in ethylene carbonate (EC)
and ethyl methyl carbonate (EMC) with EC/JEMC = 3:7 volume ratio
(BASF Corporation). The cells were assembled in an argon-filled
glove box (with concentrations of both O, and H,O <1 ppm) at
room temperature. The galvanostatic charge-discharge cycling of
coin cells were performed with a Maccor battery cycler. Where C
rates are reported, they were determined by first measuring the
gravimetric capacity of the LFP materials at 17 mAg~ ! rp (mea-
sured capacities varied between 145 and 160 mAhg~!;p). Then,
the actual measured capacity at the low discharge rate was used for
scaling C rates (e.g.; for measured 160mAhg 'rp 0.1C was
16mAg 'igp, 1C was 160mAg ' g etc.). The cycling voltage
window for LFP cells was 2.5 to 4.0V (vs. Li/Li*).

2.3. Active Material Suspensions Electrochemical Evaluation

The aqueous electrolyte used for LFP suspensions was 1M
Li»SO4 (Fisher Scientific) dissolved in distilled water. LFP suspen-
sions were prepared by dispersing LFP powders into the aqueous
electrolyte agitated by a magnetic stir bar at 500 rpm for 5 minutes
before electrochemical measurements, consistently for all meas-
urements. Different loadings of LFP suspensions (0.2 vol%, 0.4 vol%,
0.7 vol%,1.0 vol%, 1.5 vol%, 2.0 vol%, 3.0 vol%, and 4.0 vol%) were also
prepared to characterize the effect of loading on the measured
resistance. A customized cell was designed and assembled to
electrochemically characterize the suspensions (Fig. 1). As shown
in Fig. 1, channels for both cathode and anode were carved using a
scalpel (Fisher Scientific) and separated by a porous polypropylene
membrane (25 wm thick, Celgard®). Both channel dimensions
were 10 x 0.5 x 0.2cm®. The working electrode (cathode) was a
gold wire (0.25 mm diameter and 30 cm length, Fisher Scientific).
The counter electrode (anode) was a platinum wire (0.5mm
diameter and 8 cm length, Sigma Aldrich), and a Ag/AgCl electrode
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Fig.1. Cartoon illustration of the custom electrochemical cell with gold wire as the
working electrode in the channel, platinum wire as the counter electrode, and Ag/
AgCl reference electrode.

(Pine Instruments) was used as the reference electrode. Flow of the
suspensions was provided by a MasterFlex peristatic pump (Cole-
Parmer) at a rate of 82mLmin~L All electrochemical tests,
including chronoamperometry and electrochemical impedance
spectroscopy (EIS), on this custom device were performed with a
Biologic SP-150.

3. Results and Discussion
3.1. Electrochemical Testing with Conventional Coin Cells

The LFP materials were characterized using XRD, SEM, TGA, BET,
and tap density first to confirm their material properties, and
material characterization for the LFP materials can be found in the
Supplementary Materials in Figs. S1, S2, and S3 and in Table S1.
Conventional coin cells were then fabricated and cycled to evaluate
electrochemical performance. The voltage profiles for the LFP
materials at increasing rates of discharge (from 0.1C to 10C, all
charge cycles were at 0.1C) are shown in Fig. 2. All LFPs had a flat
discharge plateau at ~3.45V at low rates, which was consistent
with other reports on LFP materials [1,5-16,29]. Samples LFP-1
through LFP-5 had discharge capacities at low cycling rates that
ranged from 145 to 160 mAh g~ !, rp. These values were lower than
the theoretical capacity of LFP (170mAhg ! sp), but within a
similar range of other LFP material reports [1,5-16,29]. LFP-6
showed a significantly lower capacity even at the low rate of 0.1C.
This was attributed to the high impurity content which resulted in
multiple impurity peaks in the XRD pattern of this material (Fig. S1
in Supplementary Materials) [33,34]. Discharge voltages and
capacities for all six LFP materials decreased with increasing rate.
This is typical and consistent with the literature due to increasing
overpotential at increasing discharge current [8-11,14,16,19,29,35-
37]. However, the percentage of the capacity retention varied
depending on the material. As shown in Fig. 3, LFP-1 showed the
highest rate capability performance and LFP-6 the lowest. The
capacity retention (in terms of the percentage of the discharge
capacity relative to the capacity at 0.1C) at increasing rates, or rate
capability, generally followed the order of LFP-1 > LFP-2 > LFP-
3 > LFP-4 > LFP-5> LFP-6. We note that LFP-4 showed slightly

higher capacity retention than LFP-3 at 5C, although at this high
current (~2mAcm 2) the lithium metal anode likely begins to
impact the measurements [38,39]. These electrochemical meas-
urements established the benchmark order of rate capability
among the six LFP materials which were within identically
processed composite electrodes. We note here that the focus of
this manuscript is the DPR technique and the relationship between
DPR measurements and coin cell electrochemical analysis, thus
detailed characterization for diagnostics on the detailed differ-
ences in material and electrochemical properties between the LFP
samples was not conducted.

3.2. LFP Suspension DPR Characterization

DPRs for LFP materials were measured using the following
procedure. After dispersing a LFP powder in aqueous electrolyte,
the suspension was electrochemically evaluated in a custom cell
(shown in Fig. 1). A series of chronoamperometry tests at
sequentially increasing potentials were performed for each
suspension. Potentials were chosen such that the LFP particles
were electrochemically oxidized/charged at each step. The
potential and the average stabilized current for each step were
retained for analysis. A plot of the potential vs. current resulted in a
linear relationship for all electrochemical tests, and the slope of a
linear fit of each data set was the DPR corresponding to a given
material at a given loading (with loading referring to the vol% LFP
in the electrolyte). An example of the linear potential vs. current
data used to determine DPR, with 2 vol% LFP-3, is shown in Fig. 4. A
new plateau at an increased current resulted for each step increase
of potential in Fig. 4a. The average value of the current increased
linearly with the increase in the applied potential. Fig. 4b shows
the resulting data extracted from the experiment in Fig. 4a, with
the applied potential vs. the average measured current of the last
10seconds at that potential. For the example linear fit applied in
Fig. 4b, the slope was 400.7 () (the DPR value) and R*=0.998,
indicating a good fit. The measured DPR was the sum of all of the
contributions to the electrode overpotential and was thus a
combination of several resistances, including the resistance of the
active material particles which were in contact with the current
collector, ohmic resistance of the external electrical connections,
and the ohmic resistance from the electrolyte. The combination of
the latter two resistances ranged between 1.5-2.5(), as deter-
mined by the high frequency intercept of EIS measurements. The
range of DPR values measured was between 38 and 1202(),
indicating that the resistance arising from the LFP particles
undergoing electrochemical oxidation was the primary contributor
to the measured DPR and that the linear response of the DPR
technique was not simply due to the electrolyte resistance. We
note that our initial report of the DPR technique had much more
significant ohmic contributions ranging from 125 — 140 () [24]. The
reduction of the ohmic contribution to the raw measured DPR
resistance in this report was attributed to: 1) the significantly
higher ionic conductivity of the aqueous electrolyte relative to the
organic electrolyte (~100mScm~! compared to ~15mScm™!)
[40]; 2) the change from an aluminum electrode in organic
lithium-ion battery electrolyte to a gold electrode in aqueous
electrolyte because the aluminum has a lower electronic
conductivity and forms a passivation layer in the organic
electrolyte that likely increased the measured resistance [41-
44]. As discussed in a previous report, every contribution to DPR
would be difficult to assess independently, but the dominant
contribution was expected to be from the lesser of the ionic or
electronic resistance from of the ensemble of active material
particles colliding on the current collector and undergoing
electrochemical reactions at any given time [24].
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Fig. 2. Voltage profiles during constant current discharges at increasing C-rates for all six LFP materials. For all plots, the discharge curves correspond to 0.1C (red), 0.5C (dark
blue), 1C (green), 2C (light blue), and 5C (orange). C rates were based on the gravimetric capacity of the material at 0.1C.

DPR values of a material can be influenced by a few key factors
besides the intrinsic electrochemical properties of the active
material, including the electrochemical cell design (cell size, wire
length and geometry), suspension flow rate, and active material
loading. The same cell was used for each series of measurements to
exclude any cell variability, and the flow rate was also kept
constant for all measurements. Material samples were evaluated in
the flow cell in a sequential manner, with a rinsing step of passing
LFP-free electrolyte through the cell preceding each new suspen-
sion measurement. To investigate the effect of active material

loading in greater detail, LFP suspensions with different volumetric
loadings were characterized in succession in a high throughput
manner with the electrochemical flow cell (as an example LFP-1 is
shown in Fig. 5a). The DPR values decreased as LFP loadings
increased for all LFP materials, and rate of decrease of DPR with
increasing loading decreased as the loading increased. Both
observations were consistent with electrochemical reactions of
varying numbers of particles from the suspension on average in
contact with the electrode [4,24,27,28]. As active material loading
increased, more particles were in contact with the current collector
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electrode on average at any given time and hence were
participating in electrochemical reactions and the measured
oxidation currents. The particles in contact with the electrode
can each be considered as resistors connected in parallel. At higher
volume fractions of LFP, there were more particles on the electrode
surface, resulting in more resistors in parallel and hence decreased
total resistance which decreased the measured DPR. Not only was
the decrease in DPR with increased loading consistent with more
resistors/particles in parallel, but the proportional relationship
between LFP loading and resistance also supports this analysis. If
resistance from a single particle in contact with the current
collector was R;, then the collective resistance of N particle
resistors in parallel (Ry) can be calculated with Eq. (1). If we
assume the random sampling of the ensemble of particles in the
dispersion to be relatively consistent, a representative resistance
for each particle from a given LFP sample can be defined as Ry. This
assumption should be reasonable because the number of particles
was large even at low loadings and for a large batch of LFP sample
there was not any particle sorting or separation to bias any
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particular dispersion. Using the assumption of a representative
single resistance for each LFP sample, Ry would be Rg/N. Thus, the
resistance due to the active materials, which dominates DPR
measurements, would be expected to be inversely related with the
number of active material particles in contact with the current
collector and hence inversely related with the volumetric active
material loading — at least at relatively low loadings of active
material where the current collector surface was readily accessible.
The inverse relationship between volumetric active material
loading and DPR was supported by a least squares fit of the DPR
measurements as collected at increasing loadings shown in Fig. 5a.
DPR was inversely related with the LFP loading and the R? value of
0.992 indicates that the inverse relationship was a good fit of the
collected data. The inverse relationship between DPR and
volumetric particle loading provided further evidence that DPR
measured the collective resistance of the active material particles.
The inverse relationship between volumetric loading and DPR was
analogous to previously reported experiments of the relationship
between active material loading and area specific impedance in
coin cells [45,46]. In both cases, the increase in particles
participating in electrochemical reactions decreased the total cell
resistance with an inverse relationship between particle loading
and total measured resistance. Volumetric loading of 2 vol% LFP
was chosen for further comparison between LFP materials because
1) the change in resistance above 2 vol% was relatively small, 2)
higher loadings required more material and as an analytical
technique smaller sample size was desirable, and 3) at very low
loadings of LFP in some cases the variation in the measured
resistance was relatively high, likely because at lower loadings the
DPR measurement became more stochastic which resulted in more
significant swings in the distribution of particles on the current
collector relative to the mean distribution.

1
—
Dk

Lower DPR for a given material indicated that material should
have a slower increase of overpotential at increasing current, and
thus for appropriate materials processed into equivalent electrodes
and battery cells, a material with a lower DPR would in general be
expected to correlate to a higher voltage and better capacity
retention at increasing currents [7,24]. Thus, for a given set of
materials those with lower DPR values would be expected to have
better rate capability. We also note that DPR on LFP was a single
measurement of multiple resistances, but was expected to be
dominated by the ionic or electronic resistance of the active
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Fig. 4. Example DPR measurement for 2 vol% LFP-3 dispersed in aqueous electrolyte. (a) Chronoamperometry tests from 0.230V to 0.242V (vs. Ag/AgCl reference electrode)
and (b) the extracted potential vs. current data set from (a). The dashed line is a linear fit with the slope, intercept, and R? for the fit provided in the plot area.
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in the plot area. (b) DPR of all six LFP materials measured at 2 vol% LFP. Bars represent the standard deviations of three measurements for each sample.

material particles. The total resistance in conventional electrodes is
more complex and highly dependent on the fabrication process —
though importantly DPR has the advantage of reducing the system
complexity to identify what fraction of a cell resistance may be due
to the active material. DPRs for all six LFP materials at 2 vol% were
measured and the results are shown in Fig. 5b. Recall that the
materials were numbered in order of decreasing rate capability
where LFP-1 had the highest rate capability and LFP-6 had the
lowest rate capability in identically processed and assembled coin
cells. With the exception of LFP-5, the DPR showed an increasing
trend from LFP-1 to LFP-6, with LFP-1 having the lowest DPR and
LFP-6 having the highest DPR. This DPR trend was generally
consistent with expectations based on the relative rate capability
order of these LFP materials, where the material with the lowest
DPR had the highest rate capability and the material with the
highest DPR had the lowest rate capability. The standard deviations
were also very small relative to the measured DPR values,
indicating good data consistency. We note that the DPR values
were consistent for successive measurements of the same material
over the measurement timescales of less than half an hour, and
thus aging effects of the electrolyte (discussed in more detail later)
did not impact the relative DPR measurements in Fig. 5. LFP-5 was
the outlier in the DPR analysis with regards to the correlation to
relative rate capability. We speculate that this deviation was due to
the significantly higher carbon loading of 3.3wt% (from TGA
measurements, TGA results for all LFP materials can be found in
Fig. S3 in the Supplementary Materials), compared to 0-2 wt% for
the other LFP materials. This large amount of carbon additive likely
decreased the DPR due to the formation of a conductive network
within local particle aggregates within the suspension that
effectively increased the number of particles in contact with the
current collector via the carbon network and reduced the overall
resistance [47,48]. We note that relative to other studies that
investigated flowing cathode materials with carbon, such as
semisolid flow cells [48], the loading of active material in this study
was relatively low (compare 2 vol% to >20 vol%). Thus, the carbon
in the DPR measurements would impact DPR via local carbon/LFP
aggregates as opposed to a viscous slurry with interconnected
carbon particles throughout. Future research in our lab will aim to
validate this carbon aggregate hypothesis. The additional carbon in
the LFP powder, however, was not as effective in improving the rate
capability in coin cell measurements because an additional 20 wt%
carbon was added to each LFP electrode. The relatively high 20 wt%
carbon was originally chosen to minimize the contact and matrix
resistance in the electrode such that the electrochemical

performance was primarily limited by the resistance from the
LFP active materials. To further demonstrate the impact of the high
carbon in the LFP-5 material, coin cells were fabricated without any
added carbon (composite electrode contained only active material
and binder) and these electrodes were cycled in coin cells (for
cycling profiles see Fig. S4 in the Supplementary Materials). LFP-5
had better electrochemical performance than both LFP-3 and LFP-4
(two materials that had better rate capability than LFP-5 in
electrodes with additional conductive additive, see Figs. 2 and 3)
with regards to capacity at 0.1C, further confirming the influence of
excess carbon for LFP-5 impacting electrochemical analysis that
does not have excess carbon to mitigate this effect. The results
above demonstrate that DPR can provide relative rate capabilities
for materials with similar physical properties. Outlier materials can
also be identified when DPR analysis was combined with other
techniques such as TGA.

3.3. DPR Sensitivity to LFP Aged in Electrolyte
As an example to demonstrate the sensitivity of the DPR

technique, measurements were made on the same LFP material
both pristine and after aging in the electrolyte. LFP has previously
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(green circles). Lines are added between data points to guide the eye.
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been reported to have reduced electrochemical performance after
being aged in water or aqueous electrolyte [13,49-52]. After aging,
measured impacts to LFP include increased electrode polarization,
decreased capacity, dissolution of chemical species, and in some
cases a change in the crystalline phases observed in the material
[13,49-52]. These performance decays can even occur during
storage in humid environments, thus the storage history of LFP
materials can be very important [53]. LFP changes due to contact
with water in many cases proceeded slowly, and detecting these
changes can be challenging without fabricating electrodes with the
LFP material and performing electrochemical evaluation. As
mentioned in Section 1, this procedure is very time consuming,
though accurate. DPR could be a potential candidate for fast
detection of the electrochemical performance decay of LFP.

As an initial demonstration of the concept of detecting LFP
aging using DPR, LFP-3 was mixed with 1 M Li,SO4 electrolyte and
aged for 15 days. After aging, the LFP was rinsed, dried, and then
fabricated into electrodes and evaluated in conventional coin cells
via identical procedures for the LFP batteries described earlier. A
representative example of LFP-3 coin cell discharge capacity at
different cycling rates, using LFP-3 material both before and after
aging in electrolyte for 15days is shown in Fig. 6. ICP measure-
ments on the electrolyte confirmed that ~0.2% of the Fe present in
the LFP had dissolved after 15 days (with total Fe concentration in
the electrolyte 1mM). While the discharge capacity at low
discharge rates only dropped ~1% after aging, the high rate
capacity retention dropped significantly. Relative to unaged LFP-3,
the aged LFP-3 was only able to achieve ~93% of the capacity at 5C
and ~80% of the capacity at 10C. This performance impact was
consistent with other reports on aged LFP materials in aqueous
electrolyte or water [13,49-52]. DPR tests were also conducted for
both unaged and aged LFP-3 at a loading of 2 vol%. The aged LFP had
a 30% increase of DPR from the unaged material (from 467.8 () to
626.1 ). This 10-minute DPR measurement detected a significant
change in the aged material, indicating that DPR has the sensitivity
to detect aging effects in LFP that can dramatically impact rate
capability. We note that the aged LFP did not have any significant
changes in the XRD pattern relative to the pristine material (see
Supplemental Materials, Fig. S1) and that the DPR analysis required
a timescale three orders of magnitude less than the coin cell
validation of the aging impact on rate capability.

The DPR measurements described above were able to identify
variations in relative rate capability between different materials
and changes to the rate capability of a material due to aging. These
rate capability changes, and corresponding DPR resistances, reflect
the resistance of the active material particles during electrochem-
ical oxidation. According to previous reports in the literature
[7,20,23,54], the total resistance due to the LFP active material will
be dependent on the ionic and/or electronic conductivity of the
particles, the size of the particles, and the number of particles
contributing to the electrochemical reactions. Thus, if the particle
size distribution of the LFP particles is determined from another
technique, DPR could be used to determine the initial conductivity
of LFP particles. However, this analysis requires independent
measurement of the number of particles participating in electro-
chemical reactions, which currently is challenging but will be a
research direction for future studies. We also note that LFP was an
ideal cathode candidate for this initial aqueous DPR demonstra-
tion. In addition to LFP having a charge/discharge potential within
the stability window of water, LFP is also a relatively stable cathode
material in water. Many other cathode materials, for example
layered transition metal oxides [55], have been reported to
undergo major structural changes and reductions in electrochemi-
cal performance when exposed to water. Aqueous DPR would be
very challenging with these materials; although we note that the
speed of the DPR technique may still allow comparative analysis

between cathode materials and in particular might be suitable to
determine the ability of coatings on such materials to suppress
water sensitivity. If necessary and desired, DPR can also be
performed with organic electrolytes for materials not suitable for
aqueous suspensions [24].

4. Conclusions

LFP cathode materials were characterized electrochemically via
a measured resistance during oxidation of flowing aqueous
dispersions containing LFP particles. This resistance, referred to
as DPR, generally was an indicator of rate capability for coin cells
fabricated using the active materials. The only outlier in the
analysis was a LFP sample with much higher carbon loading,
further demonstrating the sensitivity of DPR to conductivity and
the need for other techniques to complement analysis of the
particles. DPR measurements on suspensions of systematically
increasing volume fractions of LFP particles demonstrated an
inverse relationship between DPR and particle concentrations. This
inverse relationship was consistent with previous measurements
done on coin cells with increasing active material loading within
composite electrodes, indicating that the particle loading relation-
ship to resistance in the dispersions was analogous to each
additional particle in contact with the electrode representing an
additional resistor connected in parallel. Sensitivity of the DPR
technique was additionally used to identify changes in LFP
electrochemical performance during aging in aqueous electrolyte.
DPR provided a fast and sensitive approach to detect relative
differences in electrochemical performance for LFP active materi-
als, and this analysis technique should be extendable to other
battery electrode materials.
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