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SUMMARY

High power density operation of redox flow batteries (RFBs) is
essential for lowering system costs, but until now, only acid-based
chemistries have achieved such performance, primarily due to rapid
membrane proton (H+) transport. Here, we report a neutral pH RFB
using the highly reducing Cr-(1,3-propylenediaminetetraacetate)
(CrPDTA) complex that achieves acid-like power performance while
utilizing potassium ion (K+) transport. We investigate RFB resistance
components and demonstrate the high and consistent K+ conductiv-
ity of the Fumasep E-620(K) membrane. When combined with a
robust bismuth electrocatalyst, this membrane enables constant
voltage efficiency operation of a CrPDTA|Fe(CN)6 RFB for 200 cy-
cles. An optimized CrPDTA|Fe(CN)6 RFB, which combines a high
cell potential with a low area-specific resistance (0.46 U cm2), dem-
onstrates a maximum discharge power density of 1.63 W cm�2 and
an average discharge power density over 500 mW cm�2 while main-
taining 80% round-trip energy efficiency cycling, which are records
for non-acid-based RFBs.

INTRODUCTION

Redox flow batteries (RFBs) are a promising long-duration (10+ h) energy storage

(LDES) method, and many RFBs, including iron/chromium (FeCr RFBs) and

vanadium (VRFBs), employ metal cations dissolved in corrosive acid as electroactive

species.1–5 FeCr RFBs, first investigated in the 1970s, utilize low-cost and abundant

electrolyte species but suffer from performance and lifetime issues.6–8 VRFBs, first

demonstrated in 1986, offer a 1.4 V potential that can operate at high current den-

sities but suffer from the volatile and sometimes high cost of vanadium, which can

make VRFBs prohibitively expensive for LDES applications.9,10 However, VRFBs

have recently been successfully commercialized for moderate-duration (4–10 h)

applications, in part due to the decreased VRFB stack costs enabled by the drastic

performance gains in power density achieved through decades-long systematic

optimization efforts in industry, academia, and national labs.11–13 Despite the low

cost of the FeCr RFB electrolytes, the low power density of the FeCr RFB results in

higher power generation component costs and can cause the overall FeCr RFB

cost to bemore expensive than VRFBs.7 For LDES RFBs, combining low-cost electro-

lytes and high power density operation can achieve exceptionally low overall system

cost. Much work has rightly focused on lowering energy costs through novel electro-

lytes, but many cannot achieve the same power as the VRFB, or even the FeCr RFB,

making the power costs an important contributor to overall system costs.14

RFBs use a membrane or separator to prevent mixing between the negative electro-

lyte (anolyte) and positive electrolyte (catholyte). The membrane should allow ionic

transport to maintain charge balance while preventing electroactive species
Cell Reports Physical Science 3, 101118, November 16, 2022 ª 2022 The Author(s).
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crossover to maximize coulombic efficiency (CE) and minimize capacity loss. Acid-

based RFBs can adapt cation-exchangemembranes (CEMs) optimized for rapid pro-

ton (H+) transport in fuel cells, resulting in RFBs with high membrane conductivity

and low ohmic resistance (RU). However, common CEMs, such as Nafion 212, gener-

ally provide lower conductivity for cations other than H+, such as potassium (K+),

causing non-acid-based RFBs to have higher RU values.15 The total resistance of

an RFB is composed of the RU, charge transfer resistance (Rct) and mass transport

resistance (Rmt) and is normalized by area to give a full cell area-specific resistance

(ASR). Improvements to ASR can be achieved through resistance-lowering tech-

niques such as increasing membrane conductivity (RU), using an electrocatalyst

(Rct), and decreasing solution viscosity (Rmt). For aqueous RFBs to be economically

viable, a maximum plausible ASR of approximately 1.5 U-cm2 has been calculated

for RFBs below 1.5 V.16,17 Electrochemical impedance spectroscopy (EIS) with 1 M

KCl solutions has shown that RFBs assembled with H2O-soaked and 1 M KCl-soaked

Nafion 212 membranes exhibit initial RU values of 0.8 and 2.7 U-cm2, respectively,

with the H2O-soaked RU increasing over time.15 While CEMs were often intentionally

optimized around H+ transport for fuel cell or acid-based RFB applications, many

recent flow battery chemistries, such as electroactive organic or metal-organic mol-

ecules, operate in neutral/alkaline conditions and therefore require non-H+ ion

transport.14 The chemistries based on K+ ion transport would benefit from similar

membrane design optimizations for rapid and constant K+ conductivity, as the RU

for these RFBs is normally the largest portion of their ASR.18,19

In principle, RFBs can operate at any round-trip energy efficiency (EE) by altering

operating parameters such as power or current density. However, typically 80%

EE is targeted in commercial systems because it balances power output and effi-

ciency losses for optimal cost of energy storage at present electricity prices.3,7

The RFBs that have demonstrated the highest discharge power densities at 80%

round-trip EE all conduct H+ but have required long-term systematic optimization

to achieve this performance (Figure 1).10–13,18,20–33 The expected average discharge

power density that an RFB can provide while achieving 80% EE cycling can be

approximated from Equation 1 (see supplemental information, expected discharge

power density, for derivation):

P80 =
0:093V2

cell

R
; (Equation 1)

where P80 is the average discharge power density in W cm�2, Vcell is the RFB open

circuit potential (OCP) in V at 50% state of charge (SOC), and R is the ASR of the

cell in U cm2. Since discharge power density scales with V2/R, higher voltage RFBs

have a unique advantage to achieving high discharge power densities without

requiring an H+-level ASR, thus enabling the possibility of high-power K+ operation.

Furthermore, when water-splitting reactions are minimized through kinetic stabiliza-

tion, high-voltage aqueous RFBs above 1.5 V are possible and can provide a signif-

icant reduction in capital costs associated with both system energy and power.34,35

We have previously reported a promising aqueous RFB anolyte electroactive species

that operates at near-neutral pH and utilizes a chelating agent, 1,3-propylenediami-

netetraacetic acid (PDTA), bound to chromium to create a robust Cr-chelate com-

plex (CrPDTA).20,36 The potassium salt of the CrPDTA� anion (KCrPDTA) exhibits

high solubility (1.32 M) and a very negative reduction potential (�1.10 V versus

SHE).20,37 RFBs utilizing KCrPDTA paired with a ferro/ferricyanide catholyte

(Fe(CN)6
4�/3�) and operated near pH 9 with a boric acid (B(OH)3)/potassium tetrabo-

rate (K2B4O7) buffer and a Nafion 212 CEM have demonstrated a high cell potential
2 Cell Reports Physical Science 3, 101118, November 16, 2022



Figure 1. High-performance RFB discharge power density comparison

A comparison of the average discharge power density at 80% EE cycling and equilibrium cell potential (OCP at 50% SOC) for select high-performance

RFBs. Color denotes charge carrier ion.
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(1.62 V) and high CE (>99.5%).15,19,20,38 The reduced Cr(II)PDTA2� has been shown

to exhibit long-term stability and a low self-discharge rate (<0.1% per day), leaving

small CE losses in the system to be attributed to trace O2 permeation or trace H2

generation at the electrode frommetal impurities catalyzing the hydrogen evolution

reaction (HER).36,39 The byproduct of these CE losses results in an increase in solu-

tion pH, requiring a buffer to maintain the pH below 11, the upper stability range of

CrPDTA.20 Compared with FeCr RFBs, the larger sizes and negative charges of

CrPDTA and Fe(CN)6 result in minimal crossover through Nafion 212.7,15,20,40 How-

ever, for long-term RFB cycling, a membrane that eliminates crossover of these two

species is desired. Similarly, for long-term RFB viability, constant voltage efficiency

(VE) performance is desired, and RFBs using 1 M CrPDTA and Nafion 212 have ex-

hibited a slow downward trend in VE during cycling, leading us to investigate and

rectify the cause of the ASR change over time.15,19,38,41

The Fumasep E-620(K) membrane has demonstrated high K+ conductivity within

RFBs and has exhibited undetectable CrPDTA crossover rates due to channel size-

based exclusion.18,42–45 Fumasep E-600(K) series membranes (E-600(K) membranes)

are available in different thicknesses (e.g., E-620(K) is 20 mm), are non-fluorinated,

and are composed of a sulfonated polyaryletherketone-copolymer backbone.18

Nafion membranes are fluorinated and based on a perfluorosulfonic acid

(PFSA) polymer.3 A fluorinated membrane that is resistant to oxidation is

required for some highly oxidizing RFB electrolytes, such as V4+/5+ (0.99 V versus

SHE) but not for reducing species like CrPDTA nor mildly oxidizing species like

Fe(CN)6
4�/3� (0.36 V versus SHE).46,47 However, PFSA membranes are expensive

($500–$700 m�2) and can account for a substantial portion of overall RFB system

costs.7,48 The low permeability and inexpensive, non-fluorinated nature of

E-600(K) membranes suggests that they could be low cost (in $/kW) and could

enable long-lasting CrPDTA|Fe(CN)6 RFBs. Here, we systematically probe

specific aspects of the RFB system and their effect on both short-term cell ASR
Cell Reports Physical Science 3, 101118, November 16, 2022 3



Figure 2. Cell resistance and performance data comparison for select membranes

(A) Time-based RU of RFBs with 1 M KCl solution. See also Figure S2.

(B) Temperature-based RU of RFBs with 1 M KCl solution. See also Figure S3.

(C) Cell potential as a function of capacity for a single cycle at G100 mA cm�2 of 1.0 M CrPDTA in 0.2 M B(OH)3/0.05 M K2B4O7 versus 0.5 M K4Fe(CN)6/

0.1 M K3Fe(CN)6 with 0.025 M K2B4O7.

(D) Discharge power density as a function of current density at 90% SOC for solutions from (C). See also Figure S10.
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and long-term VE consistency using Fumasep E-600(K) and Nafion membranes. The

ability to tailor cell components to systematic needs is then exemplified in a high po-

wer and current density, K+-based CrPDTA|Fe(CN)6 RFB, which achieves constant VE

operation.
RESULTS AND DISCUSSION

Initial membrane investigation

To determine the long-term viability of E-600(K) membranes for CrPDTA|Fe(CN)6
RFBs, the membrane K+ conductivity performance was investigated. The RU of cells

built with Nafion 212 and E-600(K) membranes was measured over time via EIS with

1 M KCl solutions (see supplemental information, electrochemical impedance spec-

troscopy). The initial RU values for all E-600(K) membranes were lower than that of

Nafion 212, and over 7 days, the RU for all E-600(K) membranes slightly decreased

while that of Nafion 212 increased (Figures 2A, S1, and S2). This constant

or improved RU over time makes the E-600(K) membranes ideal candidates to

enable constant VE performance for chemistries utilizing K+ transport. Elevated
4 Cell Reports Physical Science 3, 101118, November 16, 2022



Table 1. Cell resistance values, efficiency values at G100 mA cm�2, and peak discharge power

density at 90% SOC for E-600(K) or Nafion 212 separated RFBs with KCl solutions or CrPDTA

versus Fe(CN)6 with borate buffer

Membrane
Initial 1 M KCl RU

(U cm2)a
Initial ASR
(U cm2)

Average
CE (%)

Average
VE (%)

Peak discharge power
density (mW cm�2)

E-610(K) 0.31 G 0.01 0.86 G 0.02 99.9 G 0.1 85.0 G 0.5 810

E-620(K) 0.53 G 0.03 1.15 G 0.05 99.9 G 0.1 84.1 G 0.3 668

E-630(K) 0.55 G 0.01 1.20 G 0.03 99.9 G 0.1 82.8 G 0.4 620

Nafion 212 N/A 1.41 99.7 80.8 508
aA shorted (membraneless) RFB demonstrated an RU of 0.1 U cm2.15
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temperatures are realized in large-scale RFB stacks when operating, so the RU tem-

perature dependence of the cells built with E-600(K) membranes was measured and

showed a decreasing RU from 20�C to 50�C (Figures 2B and S3).49 These promising

results justified full cell testing of E-600(K) membranes in CrPDTA|Fe(CN)6 RFBs.

Full cell CrPDTA|Fe(CN)6 RFB experiments were then performed with anolytes (pH

8.5) with either PDTA or borate buffer and catholytes with an 25% excess of Fe(II)

(Table S1 ). An excess of catholyte is used to ensure that the anolyte remains the ca-

pacity-limiting side, as trace CE losses slowly shift the SOC of the catholyte. Tripli-

cate RFBs were constructed with a single H2O-soaked E-610(K), E-620(K), or

E-630(K) membrane, and EIS with 1 M KCl was performed to determine average

initial RU for each cell (Table 1; Figures S4). An anolyte consisting of 1.0 M

KCrPDTA with 0.2 M B(OH)3/0.05 M K2B4O7 (pH 8.5; 10 mL) and a catholyte consist-

ing of 0.5 M K4Fe(CN)6/0.1 M K3Fe(CN)6 with 0.025 M K2B4O7 (pH 9.2; 25 mL) were

added, and an initial linear current sweep was performed at 500 mA s�1 to obtain an

ASR, followed by three cycles each at G50, 75, 100, 125, and 150 mA cm�2 to 80%

CrPDTA capacity (Table 1; Figures S5–S7). The full cell cycling was repeated with a

single Nafion 212 RFB, which provided results consistent with previous Nafion 212

cells (Table 1; Figures S8).19,38 To investigate power performance, a single RFB

was assembled with each membrane, and linear current sweeps at 500 mA s�1

were performed at 10, 25, 50, 75, and 90% SOC to generate polarization and power

curves (Table 1; Figures S9 and S10). All E-600(K) membrane RFBs demonstrated

lower ASRs and increased performance compared with Nafion 212 RFBs, with

2.8%, 4.4%, and 5.5% increases in VE atG100 mA cm�2 and 22%, 31%, and 59% in-

creases in peak power density at 90% SOC for E-630(K), E-620(K), and E-610(K),

respectively (Figure 2C and 2D).
Extended E-620(K) cell cycling

To investigate if the RU value of E-620(K) RFBs remained constant during CrPDTA|

Fe(CN)6 RFB cycling and if they could enable stable VE operation, extended cycling

with E-620(K) RFBs was performed, with the remaining experiments utilizing a PDTA-

buffered anolyte and an unbuffered catholyte. An E-620(K) RFB was assembled and

cycled 100 times atG100 mA cm�2 (Figures 3A and S11A; Table 2). Full cell EIS pre-

and post-cycling confirmed that the RU slightly decreases over the course of cycling,

indicating that the K+ conductivity of E-620(K) is not impacted by the highly reducing

CrPDTA (Figures S11B). However, there is a small increase in the Rct, which is

observed in the slow decrease in VE during the 100 cycles.

Resistive heating within large-scale RFBs can result in operating temperatures reach-

ing at least 40�C, which can decrease several RFB resistances, including improving

electron transfer.49 To investigate if elevated temperature operation could help
Cell Reports Physical Science 3, 101118, November 16, 2022 5



Figure 3. Extended cycling and high performance E-620(K) cell cycling data

(A) Discharge capacity and coulombic, voltage, and energy efficiency per cycle at G100 mA cm�2 for standard RFB setup with 1.0 M CrPDTA in 0.1 M

PDTA versus unbuffered 0.5 M K4Fe(CN)6/0.1 M K3Fe(CN)6. Horizontal dashed line (red) represents 80% CrPDTA discharge capacity.

(B) Discharge capacity and cell efficiencies per cycle for 40�C cell at G100 mA cm�2 using same electrolyte setup as (A). Horizontal dashed line (red)

represents 80% CrPDTA discharge capacity.

(C) Discharge capacity and cell efficiencies per cycle for Bi-Plated cell 1 at G100 mA cm�2 using same electrolyte setup as (A). Vertical dashed lines

(black) indicate that EIS was performed. Horizontal dashed line (red) represents 80% CrPDTA discharge capacity.

(D) Discharge capacity and cell efficiencies per cycle for Bi-Plated cell 2 at G100 mA cm�2 using same electrolyte setup as (A). Horizontal dashed line

(red) represents 80% CrPDTA discharge capacity.
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could lead to constant VE CrPDTA|Fe(CN)6 RFB cycling, we simulated realistic RFB

conditions by operating an E-620(K) RFB at 40�C (E-620(K) maximum recommended

operating temperature). The cell was cycled 100 times at G100 mA cm�2 to 80%

CrPDTA capacity (Figures 3B and S12). The decreased resistances at 40�C associ-

ated with lower electrolyte viscosity (Rmt), improved membrane K+ conductivity

(RU), and easier electron transfer (Rct) resulted in a lowered ASR of 0.86 U cm2 and

no change to average CE, indicating no increase in HER. (Tables 2 and S2). However,

a slow VE decrease was still observed, suggesting that elevated temperature is not

able to prevent the slight Rct increase.

We have previously demonstrated short-term RFB cycling with a bismuth electroca-

talyst, which decreased Rct by enabling reversible CrPDTA electron transfer ki-

netics.19 The near-neutral pH and highly negative reduction potential of the

CrPDTA anolyte should also enable long-term bismuth stability when cycling, espe-

cially compared with the anolytes of VRFBs and FeCr RFBs, which are less reducing
6 Cell Reports Physical Science 3, 101118, November 16, 2022



Table 2. Cell resistance and efficiency values for E-620(K) RFBs with 0.1 M PDTA buffered

CrPDTA versus unbuffered Fe(CN)6 operated at G100 mA cm�2

RFB operating conditions
(number of cycles) Initial ASR (U cm2) Average CE (%) Average VE (%)

Standard setup 1.22 99.8 G 0.1 82.8 G 0.9

Heated at 40�C (100) 0.86 99.7 G 0.1 87.4 G 0.8

Bi-plated cell 1 (1st 25) 0.96 99.7 G 0.1 87.5 G 0.1

Bi-plated cell 2 (200) 0.99 99.8 G 0.1 86.7 G 0.3
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and operate at bismuth-dissolving acidic conditions. Here, we investigated the

application of the previously reported bismuth electrocatalyst on long-term Rct

and VE stability. The anodes of an E-620(K) RFB were plated with bismuth, following

literature methods (0.58 mg cm�2 electrode�1) (Bi-Plated Cell 1), and 100 cycles

were performed at G100 mA cm�2 in 25 cycle increments.19 A consistent VE was

observed over each set of 25 cycles, with shifts in VE occurring between each set

of cycles when the RFB was fully discharged and moved to perform EIS

(Figures 3C and S13; Table 2 and S2). This indicates that the Rct consistency from

the anode bismuth electrocatalyst is key for achieving constant VE cycling with the

CrPDTA|Fe(CN)6 RFB.

To investigate long-term bismuth electrocatalyst performance, an identical Bi-

plated E-620(K) RFB was assembled (Bi-Plated Cell 2) and cycled 200 times

at G100 mA cm�2, the highest number of cycles for a CrPDTA RFB, with an average

VE of 86.7% (Figures 3D and S13C; Table 2). Following 200 cycles, EIS demonstrates

that the Rct improvement from the bismuth electrocatalyst remains unchanged after

over a week of cycling, indicating that the highly reducing CrPDTA and non-acidic

pH enable bismuth to remain stable on the electrode (Figure S13D).

During these 200 cycles, the anolyte solution pH increased from 8.5 to 10.5 due to

trace HER generating OH� over time. For longer cycling to further demonstrate

CrPDTA|Fe(CN)6 RFB stability, amethod to reintroduceelectrons lost toHER is required,

such as the separate electrolyzer cell usedwith the FeCr RFB, to bothmaintain SOCbal-

ance between the anolyte and catholyte and to mitigate the slow anolyte pH increase

and keep the CrPDTA electrolyte within its stable pH range.7,22 Extended-duration

cycling demonstrations using this technique is an area of study within the group.
Optimized E-610(K) cell cycling

We individually demonstrated the constant K+ conductivity of E-600(K) membranes

(RU), the constant Rct of CrPDTA|Fe(CN)6 RFBs with a bismuth electrocatalyst, and

the ability to lower the overall ASR of a CrPDTA|Fe(CN)6 RFB through 40�C opera-

tion, a Bi-electrocatalyst, and an E-610(K) membrane. To realize the lowest ASR

and highest performance CrPDTA|Fe(CN)6 RFB while achieving constant VE, we

combined these improvements, and an RFB was assembled that utilized E-610(K),

Bi-plated anolyte electrodes, cell heating to 40�C, and the previously described

electrolytes (optimized cell 1). The RFB was operated for 100 cycles at G200 mA

cm�2 with constant VE and exhibited an average CE of 99.8%, an average VE of

88.0% and an initial and final ASR of 0.463 and 0.466 U cm2, respectively

(Figures 4A and S14). The majority of the low ASR value is a result of the RU (0.234

U cm2 from Figure 2B), so further tailored improvements for membrane K+ conduc-

tivity would be most impactful for enabling even higher performance.

To investigate if consistent VE performance can be achieved at even higher current

and power densities, an identical RFB (optimized cell 2) was assembled and
Cell Reports Physical Science 3, 101118, November 16, 2022 7



Figure 4. Optimized E-610(K) cell cycling data

(A) Discharge capacity and coulombic, voltage, and energy efficiency per cycle for optimized cell 1 at G200 mA cm�2 (black, red square) and optimized

cell 2 at G300 mA cm�2 (blue, red circle) utilizing E-610(K), Bi-plating, 40�C heating, and 1.0 M CrPDTA in 0.1 M PDTA versus unbuffered Fe(CN)6.

(B) Discharge power density as a function of current density at select SOC for optimized cell 2. A maximum power density of 1.63 W cm�2 is achieved.

(C) Average efficiencies and discharge power density for optimized cell 2 over 3 cycles at select current densities.

(D) Cell potential during 80% capacity cycling at select current densities for optimized cell 2.

ll
OPEN ACCESS Article
operated for 100 cycles at G300 mA cm�2 with constant VE and exhibited an

average CE of 99.7%, an average VE of 83.2%, and an average discharge power den-

sity of 433 mW cm�2 (Figures 4A and S15A). Linear current sweeps at 500 mA s�1

were performed at 10%, 25%, 50%, 75%, and 90% SOC, and a peak discharge power

density of 1.63 W cm�2 was observed, which more than triples the initial CrPDTA|

Fe(CN)6 RFB with Nafion 212 reported value of 0.515 W cm�2 and is the highest

ever reported for an RFB using K+ transport (Figures 4B and S15B).20 To explore

where 80% EE cycling could be achieved, cycling at different current densities was

then performed, with 3 cycles each at G200, 250, 300, 350, and 400 mA cm�2 to

80% CrPDTA capacity (Figures 4C, 4D, and S15C; Table S3 ). Greater than 80% EE

is achieved with current densities up to G350 mA cm�2 at average discharge power

densities up to 0.5 W cm�2, which more than doubles the previous record for RFBs

using K+ transport and is the third highest value for any RFB.13,27,30 The G400 mA

cm�2 cycling demonstrates an average CE of 99.9%, indicating that no appreciable

HER increase occurs, and an average discharge power density of 0.562 W cm�2,

which is greater than the initially reported CrPDTA|Fe(CN)6 RFB peak power density

of 0.515 W cm�2.20
8 Cell Reports Physical Science 3, 101118, November 16, 2022
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This high-power demonstration is significant in illustrating the potential of K+-based

membrane transport paired with high-voltage RFB chemistry. More importantly,

these high-performance results were achieved with electrolytes composed of low-

cost and scalablematerials, with iron and chromiumbeing the top two highest global

productions among transition metals and with the chelating agents and ligands

already mass produced on an industrial scale.8,50 System costs are minimized not

only by the high-power performance enabled by high operating voltage, which de-

creases stack size, but by operating in non-corrosive, near-neutral pH. These benign

conditions can permit further cost savings from low-cost carbon electrodes and bipo-

lar plates, and an inexpensive, robust bismuth electrocatalyst, while eliminating the

need for expensive PFSA membranes. Performance milestones that took VRFBs de-

cades to reach have been achieved within a few years with our CrPDTA chemistry.

Through a systematic investigation of RFB resistances, we report how to decrease

and maintain constant ASR through several key cell component considerations.

We then demonstrated how these improvements can enable high performance

K+-based CrPDTA|Fe(CN)6 RFBs utilizing highly conductive E-600(K) membranes.

A CrPDTA|Fe(CN)6 RFB with Bi-plated electrodes was cycled 200 times with constant

VE, the longest yet reported for the system, suggesting that the deposited bismuth

remains present in the highly reducing, neutral pH operating conditions. Further, us-

ing the discussed ASR minimization techniques, an optimized CrPDTA|Fe(CN)6 RFB

utilizing an E-610(K) CEM with Bi-plated electrodes and 40�C cell heating operated

with a constant 0.46U-cm2 ASR, proving that low ASRs can be achieved in non-acidic

systems.

Because RFB power performance scales quadratically with voltage (V2/R), the

approach to lower the cell ASR paired with the high cell potential of the CrPDTA|

Fe(CN)6 system allowed optimized cells to achieve a maximum discharge power

density of 1.63 W cm�2 and an average discharge power density of 0.5 W cm�2 at

80% round-trip EE, which are the highest values demonstrated for any K+-based

RFB and are higher than all but a few optimized H+-based VRFBs.13 Furthermore,

the optimized E-610(K) CrPDTA|Fe(CN)6 RFB demonstrated constant VE over 100

cycles at both G200 and G300 mA cm�2 with average CE above 99.7%, indicating

the ASR improvements did not promote increased HER. Further, the inexpensive,

non-PFSA E-600(K) membranes showed no long-term degradation, decrease in K+

conductivity, or active material crossover, demonstrating their robust nature in the

RFB conditions, supporting their use for low-cost, large-scale operation. As RU is still

the majority of the ASR, further system improvement can be achieved through

tailored K+ membrane design optimizations and other systematic optimizations of

the RFB to minimize ASR through minimizing RU, Rct, or Rmt. This power-cycling per-

formance represents an important performance milestone for emerging flow battery

electrolyte materials, demonstrating a system that can be low cost and high perfor-

mance without tradeoff.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Michael P. Marshak (Michael.marshak@

colorado.edu).

Materials availability

This study did not generate new unique materials.
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Data and code availability

Full data are available upon request from the authors.

Electrolyte preparation

All materials were used as received without further purification. Bismuth chloride ox-

ide (98%) and potassium bromide (99%min) were purchased from Alfa Aesar. Potas-

sium tetraborate tetrahydrate (99%, extra pure) was purchased from Acros Organics.

Boric acid (ACS reagent) was purchased from Chem-Impex. Potassium ferricyanide

(ACS grade) was purchased from LabChem. Potassium ferrocyanide trihydrate

(R99%) was purchased from Fluka. Chromium(III) potassium sulfate dodecahydrate

(reagent grade) was purchased from Fisher Science Education. Potassium hydroxide

pellets (certified ACS) were purchased from Fisher Chemical. PDTA (R99.0%) was

purchased from Aldrich.

KCrPDTA synthesis was prepared as previously reported.19 The material was

confirmed via UV-visible (UV-vis) peaks at 506 and 382 nm.20,51 The 1 M KCrPDTA

with 0.2 M B(OH)3/0.05 M K2B4O7 anolytes used in this work were made by dissolv-

ing KCrPDTA (4.474 g, 10 mmol), B(OH)3 (0.124 g, 2 mmol), and K2B4O7 (0.153 g,

0.5 mmol) solids in DI H2O in a 10 mL volumetric flask. The 1 M KCrPDTA with

0.1 M PDTA buffer anolytes used in this work were made in a 10 mL volumetric flask

by dissolving KCrPDTA (4.474 g, 10 mmol) to a final solution volume of 10 mL using

5 mL 0.2 M PDTA solution and the remaining deionized (DI) H2O. The 0.2 M PDTA

solutions were made by adding H4PDTA (6.125 g, 20 mmol) in DI H2O (80 mL).

Then, 5 M KOH was added to adjust the pH to 8.5. The PDTA solution was trans-

ferred to a 100 mL volumetric flask, and the volume was adjusted to the line with

DI H2O.

Flow cell measurements

All RFB cycling and power data experiments were performed on an Arbin

LBT21084HC workstation galvanostat. All EIS measurements and bismuth plating

experiments were conducted on a Gamry Interface 5000 potentiostat/galvanostat.

Flow cell components and construction have been reported previously, utilizing a

5 cm2 single-cell flow battery from Fuel Cell Technologies with Poco graphite blocks

and single serpentine flow fields.20,35,38 Deviations from these reported procedures

are listed below. Electrolytes and plating solutions were pumped through the cell

with Norprene tubing (3.1 mm ID) and a two-channel peristaltic pump (Cole-

Parmer) operating at 60 RPM (resulted in 69 mL min�1). All electrolytes were con-

tained in a 60 mL PFA column component vessel capped with a 58 mm transfer

closure with two 1/800 OD compression fitting ports (Savillex).

Bismuth electrode plating was conducted as previously reported but with step times

that were twice as long to account for twice as many carbon papers being utilized in

this setup.19 All flow cell measurements were conducted at room temperature unless

otherwise noted. Elevated temperature cells utilized an Omega T-type thermo-

couple probe and AC cell heaters, both of which were inserted into the aluminum

endplates of the RFB and were controlled by an Omega CS8DPT universal digital

PID controller.

Flow cell material preparation and assembly

All membranes (3.3 3 3.3 cm) were pre-treated by soaking in DI water for at least

7 days. Two stacked sheets (280 mm thick, 5 cm2 each) of GDL 39 AA carbon paper

(SGL) were heated at 150�C for at least 24 h, to improve electrode wettability, and

used on each side with a 1/6400 Viton gasket provided ca. 25% electrode
10 Cell Reports Physical Science 3, 101118, November 16, 2022
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compression. The cells were bolted together and tightened with a torque wrench set

to 5.7 N m. All electrolytes for CrPDTA|Fe(CN)6 RFBs examined in this work were

composed of 10 mL aqueous solution of 1 M KCrPDTA as the anolyte and 25 mL

aqueous solution of 0.5 M K4Fe(CN)6/0.1 M K3Fe(CN)6 as the catholyte (25% molar

excess of the Fe(II) species). Because the charged anolyte reduces oxygen, both

electrolytes were degassed with nitrogen or argon gas for at least 15 min prior to

battery operation.36,39 Further detailed electrochemical and experimental methods

can be found in the supplemental experimental procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2022.101118.
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