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Abstract 13 

We assess the suitability of potassium ferri-/ferrocyanide as an electroactive species for long-term 14 

utilization in aqueous organic redox flow batteries. A series of electrochemical and chemical 15 

characterization experiments was performed to distinguish between structural decomposition and 16 

apparent capacity fade of ferri-/ferrocyanide solutions used in the capacity-limiting side of a flow 17 

battery. Our results indicate that, in contrast with previous reports, no structural decomposition of 18 

ferri-/ferrocyanide occurs at tested pH values as high as 14 in the dark or in diffuse indoor light. 19 

Instead, an apparent capacity fade takes place due to an electroless reduction of ferricyanide to 20 

ferrocyanide, via electroless oxygen evolution reaction. We find that this parasitic process can be 21 

further exacerbated by carbon electrodes, with apparent capacity fade rates at pH 14 increasing 22 

with an increased ratio of carbon electrode surface area to total amount of ferricyanide in solution. 23 

Based on these results, we report a set of operating conditions that enables the cycling of alkaline 24 

ferri-/ferrocyanide electrolytes, and demonstrate how apparent capacity fade rates can be 25 

engineered by the initial cell setup. If protected from direct exposure to light, the chemical stability 26 

of ferri-/ferrocyanide anions allows for their practical deployment as electroactive species in long 27 

duration energy storage applications.   28 

 29 

Introduction 30 

As the global demand for sustainable electric power generation increases, aqueous organic 31 

redox flow batteries (AORFBs) offer a potential solution to the intermittency of solar and wind 32 

resources. The non-flammable electrolytes used in AORFBs contain redox-active species 33 

synthesized from earth-abundant elements. Following the initial introduction of redox-active 34 

organics in the negolyte (negative electrolyte) of an aqueous flow battery 1, many promising redox-35 

active molecules have been developed as candidates for acidic, alkaline, and neutral environments 36 
2-17. In contrast, very few redox-active molecules have been demonstrated as promising species for 37 

the posolyte (positive electrolyte) 3,18-25. Long-term stability of redox-active molecules 13, or the 38 

ability to recompose degraded molecules 11,26, is a critical feature required for practical utility in a 39 

battery. 40 



The best candidate for the posolyte in an alkaline environment continues to be ferri-41 
/ferrocyanide, Fe(CN)6

3−/ Fe(CN)6
4−. The ferri-/ferrocyanide anion has been studied since 1839 27. 42 

It has long been known that exposing neutral or alkaline pH solutions of ferrocyanide to light of 43 
wavelengths less than ~500 nm leads to chemical degradation of the anion to pentacyanide/iron 44 
hydroxides, whereas aqueous solutions of ferrocyanide kept in the dark, or in diffuse indoor light, 45 
are chemically stable 28-30. In acidic conditions, ferri-/ferrocyanide is well known to release free 46 
cyanide into solutions, generating hydrogen cyanide (HCN). In early work on zinc–ferrocyanide 47 

RFBs, Adams et al. saw that ferri-/ferrocyanide is chemically stable in up to 7N NaOH at 48 
temperatures as high as 50℃, but above that, ferricyanide began to decompose into 49 
electrochemically inactive pentacyanide, and further insoluble iron hydroxides 18. They also 50 
hypothesized that a very slow chemical degradation of ferricyanide due to cyanide loss may occur, 51 
however, they noted that their starting material contained pentacyanide impurities, thus calling in 52 

to question whether any observed cyanide ligand loss was due to a spontaneous process, or 53 

decomposition promoted by the already present pentacyanides. Their work also noted that 54 
pentacyanides in solution can be rejuvenated back to ferrocyanide by the addition of free cyanide. 55 

However, it is only recently that this coordination compound has been reported to appear extremely 56 

unstable in dark, alkaline, conditions at room temperature. A study by Luo et al. observed rapid 57 
capacity fade while cycling alkaline ferri-/ferrocyanide electrolytes in a capacity-balanced 58 
symmetric cell flow battery at high pH 31. The researchers attributed the decrease in capacity to 59 

chemical decomposition of ferri-/ferrocyanide via cyanide ligand dissociation from the iron center, 60 
and subsequent irreversible hydroxylation of the coordination compound. Soon after, Goulet and 61 

Aziz 32 reported the reduction of ferricyanide to ferrocyanide occurring when in contact with 62 
carbon paper electrodes, noting that the reaction rate appeared pH-dependent. More importantly, 63 
they did not observe irreversible chemical decomposition of ferri-/ferrocyanide in ex situ 64 

characterization of cycled electrolytes, calling into question the results of 31. Cazot et al. 33 65 

observed significantly lower capacity fade rates in ferri-/ferrocyanide symmetric cells at high pH 66 
and noted that fluctuating membrane resistance during cell cycling could partially explain the 67 
apparent fade demonstrated in ref. 31 due to the use of purely galvanostatic cycling. Páez et al. 34 68 

revisited the experiments performed in ref. 31 and further disproved the claims of ferri-69 
/ferrocyanide chemical instability in alkaline conditions. They also proposed that cell unbalancing 70 

due to the electrochemical oxygen evolution reaction (OER) could play an important role in the 71 
observed apparent cycling capacity fade, as previously hypothesized in 32. Most recently, in a 72 
follow up to their previous work of ref. 31, the Liu group once again reported findings 35 of ferri-73 

/ferrocyanide cyanide ligand dissociation and subsequent irreversible hydroxylation but could 74 
demonstrate this degradation mechanism only under conditions of artificial addition of free 75 
cyanide in solution, and of light illumination. Once again, rapid apparent capacity fade was 76 

attributed to an irreversible chemical degradation, but ex situ 13C NMR and UV-Vis data were 77 
inconsistent with the apparent extreme loss of capacity. They further propose that the previously 78 

observed parasitic reduction of ferricyanide to ferrocyanide in alkaline conditions is balanced by 79 
a chemical oxidation of the proposed dissociated cyanide (CN−) to cyanate (OCN−). However, the 80 
validity of this mechanism hinges on the requirement for ample free cyanide to be present in 81 
solution and, if correct, the mechanism requires a more nuanced interpretation involving hydroxide 82 
to both fully balance the hypothesized electroless reaction and explain observed pH-dependence. 83 

Thus, the proposed mechanism of ref. 35 would be applicable to a flow battery utilizing ferri-84 
/ferrocyanide electrolytes only if free cyanide is present in solution. Herein, we explain the results 85 
of refs. 31 & 35 through a different mechanistic interpretation. Given that the instability of alkaline 86 



ferri-/ferrocyanide solutions in the presence of light has never been in question, it is the 87 
determination of chemical stability in the dark that is most pertinent to a lifetime evaluation of the 88 

use of ferri-/ferrocyanide electrolytes in commercial flow batteries. 89 

Unfortunately, many of these studies have not followed what we have argued 8,13,32 to be 90 
the most robust setup and use of the symmetric cell, and the ways in which it can tease out capacity 91 
fade mechanisms. Although a powerful technique, a symmetric cell can measure the attainable 92 
capacity in each cycle only within the capacity limits of its initial reservoirs, where the accessible 93 

state-of-charge (SOC) range is determined by the initial reservoir configurations. Irreversible 94 
degradation of the redox-active species obviously decreases the measured capacity, but so does 95 
any shift in the accessible SOC. A parasitic reduction/oxidation of the redox-active species can 96 
result in a shift of accessible SOC, yet may appear coulometrically as an apparent capacity fade, 97 
thereby masking the real process that is occurring 32. When used to determine molecular reactant 98 

stability, the requirements for a correct implementation of a symmetric cell include: i) the use of 99 
potentiostatic cycling, or galvanostatic with potential holds, to fully access the available capacity 100 

irrespective of possible drift or fluctuations in cell polarization resistance; ii) initiating the cell 101 
with volumetrically unbalanced compositionally-symmetric positive and negative electrolyte 102 

reservoirs (i.e. both start at 50% SOC, resulting in a well-defined initial 0 V open circuit voltage) 103 
so that a capacity limiting side is clearly identified and capacity fade solely in this reservoir can be 104 
investigated; iii) cycling cells in an inert atmosphere and light-controlled environment to prevent 105 

further confusion from electrolyte interactions with reactive gaseous species and photo-induced 106 
(electro)chemical reactions; and iv) reporting capacity fade rates as time-denominated rather than 107 

(or in addition to) cycle-denominated, which is more representative of the temporal dependence of 108 
chemical decay kinetics 32. Symmetric cell methods implemented in refs. 31,34,35 are vulnerable to 109 
drift or fluctuations in cell resistance, and risk being thrown out of balance by side reactions, 110 

thereby restricting the accessible SOC range even in the absence of any active species loss. Thus, 111 

conflicting reports still exist within the AORFB community concerning the cycling stability of 112 
alkaline ferri-/ferrocyanide electrolytes, and how best to reproducibly evaluate said stability 113 
through cell cycling procedures. 114 

We have re-examined the chemical stability, in the dark, of ferri-/ferrocyanide in alkaline 115 

conditions using a series of experiments designed to unambiguously determine whether the 116 

measured capacity fade arises from irreversible chemical degradation or reversible chemical or 117 

electrochemical side reactions. Electrochemical and chemical stability have been analyzed for both 118 

pristine electrolytes and electrolytes subjected to electrochemical cycling in flow cells. 119 

Coulometric analysis was first performed utilizing the volumetrically unbalanced, compositionally 120 

symmetric cell technique32. The ex situ methods of NMR and UV-Vis absorption 121 

spectrophotometry were employed to distinguish between real (electrochemically irreversible) and 122 

apparent (electrochemically reversible) capacity fade. Our findings indicate that ferri-123 

/ferrocyanide remains chemically stable in the dark in the tested range of pH 7-14, but that 124 

ferricyanide undergoes an electroless, parasitic reduction to ferrocyanide in alkaline conditions, 125 

facilitated by electroless OER acting as the balancing oxidation half-reaction. Notably, we find 126 

that the rate of the electroless reaction can be exacerbated when an alkaline solution containing 127 

ferricyanide is in contact with porous carbon electrodes, without any applied potential. We also 128 

demonstrate that the electrochemical cycling of alkaline ferri-/ferrocyanide electrolytes can be 129 

accomplished without promoting oxygen evolution from electrochemical splitting of water, 130 



suggesting that previous work 34 attributing capacity fade to the electrochemical OER, thus shifting 131 

the accessible SOC range and leading to cell unbalancing, requires a different interpretation. Our 132 

work suggests that cyanide ligand dissociation of ferri-/ferrocyanide is a photocatalytic process, 133 

rather than a mechanism occurring independent of light exposure as previously proposed in refs. 134 
31 & 35. We also describe how the rate of apparent capacity fade in ferri-/ferrocyanide symmetric 135 

cells depends on pH and the ratio of total ferricyanide to carbon electrode surface area, defined by 136 

the initial configuration of electrolyte reservoirs in a given cell. Based on these results, we have 137 

determined a set of conditions enabling the successful implementation of ferri-/ferrocyanide 138 

electrolytes in long duration energy storage applications. Furthermore, we demonstrate why an 139 

electroless reduction process in an electrolyte used extensively by the AORFB community 140 

typically avoids detection in standard full cell battery cycling. Our results provide insights into 141 

several approaches that may introduce artifacts that obscure the parasitic reduction process. 142 

Collectively, this work seeks to prevent the AORFB community from being misled into rejecting 143 

ferri-/ferrocyanide as a competitive posolyte species in alkaline conditions due to lifetime issues. 144 

Experimental 145 

Electrolyte preparation 146 

Reagents used to prepare electroactive (posolyte and negolyte) solutions were purchased 147 

from Sigma Aldrich and used with no further purification: potassium hydroxide, potassium 148 

ferrocyanide trihydrate (99.5% purity), and potassium ferricyanide (99.5% purity). Throughout the 149 

manuscript we will be referring to these chemicals as KOH, ferrocyanide, and ferricyanide, 150 

respectively. Because atmospheric CO2 readily dissolves into high pH solutions, we prevented 151 

carbonate formation by storing and cycling our solutions in an oxygen/CO2-free glovebox (O2 152 

partial pressure less than 2 ppm). Electrolyte solutions used in cell cycling were also prepared 153 

inside the glovebox with degassed deionized water. 154 

Electrode materials 155 

Two different commercial electrodes were used: Sigracet GDL 39AA (Fuel Cell Store), 156 
and AvCarb HCBA 1186 carbon cloth (AvCarb Materials Solutions). Hereafter we refer to these 157 

electrodes as SGL and HCBA, respectively. SGL has an uncompressed thickness of 280 m and 158 
HCBA has an uncompressed thickness of 1.3 mm. All electrodes were baked at 400℃ in air for 159 

24 h prior to use.  160 

Cell assembly 161 

Flow battery experiments were carried out with cell hardware from Fuel Cell Technologies 162 

Inc. (Albuquerque, NM), assembled into a zero-gap flow cell configuration, as described in a 163 

previous report 2. Pyrosealed POCO graphite flow plates (9 in2) with interdigitated flow patterns 164 

were used for both electrodes. Unless otherwise stated, each electrode comprised a 5 cm2 geometric 165 

surface area covered by either a stack of two sheets of SGL, or one HCBA electrode, per side. The 166 

outer portion of the space between the electrodes was gasketed using Viton sheets (10 mils for 167 

SGL cells, 30 mils for HCBA cells) with the area over the electrodes cut out. The torque applied 168 

during cell assembly was 60 lb-in (6.78 N·m) on each of eight 3/8”–24 bolts, thus the load applied 169 

per bolt is approximately 800 lbs. Electrolytes were fed into the cell through fluorinated ethylene 170 

propylene (FEP) tubing at a rate of 60 mL/min, controlled by Cole-Parmer 6 Masterflex L/S 171 



peristaltic pumps. For all symmetric cell tests, a sheet of Nafion 117 (Ion Power Inc.) membrane 172 

served as the ion-selective membrane between the carbon electrodes. All membranes were 173 

presoaked in 1 M KOH for 3 days to ion exchange the counter ions from protons to potassium 174 

ions. If a membrane was to be tested in an electrolyte solution with a pH lower than 14, the 175 

membrane was then soaked for an additional day in a KOH solution with the target pH.  176 

Cell cycling protocol 177 

Cycling stability of the ferri-/ferrocyanide electrolyte was studied by the volumetrically 178 

unbalanced, compositionally symmetric cell method, as described elsewhere 32, hereafter referred 179 

to as a symmetric cell. Unless otherwise stated, the capacity-limiting side (CLS) and non-capacity 180 

limiting side (NCLS) contained identical starting solution compositions, both initially at 50% SOC 181 

i.e., equal concentrations of ferricyanide and ferrocyanide. Charge/discharge cell cycling was 182 

performed using a Biologic VSP-300 potentiostat. Each cell was potentiostatically 183 

charged/discharged at ±200 mV, with ±2 mA/cm2 (geometric area) current cutoffs. The first cycle 184 

was always a charge cycle with respect to the CLS. All cells were run inside a glove box with 185 

minimal exposure to lab light. 186 

13C NMR 187 

13C NMR spectra were acquired from electrolyte solution aliquots taken before and after 188 

cycling. All samples were reduced to 100% ferrocyanide (Fe2+) to avoid the signal interference 189 

from the paramagnetic ferricyanide (Fe3+). For each sample, a 100 L aliquot was taken from the 190 

starting solution of 0.1 M at pH 14 and diluted by adding 550 L of D2O in the glovebox. To avoid 191 

chemical shift inconsistencies caused by sample preparation and different pH, an internal standard 192 

of 20 M dimethyl sulfoxide (DMSO) was added to the samples. All 13C NMR samples were 193 

scanned 1000 times at room temperature to collect final spectra in an Agilent 500 MHz NMR 194 

instrument. 195 

UV-Vis spectrophotometry 196 

To confirm the chemical stability of ferricyanide, a 0.5 mM solution of ferricyanide in 1 M 197 

KOH was prepared and fractioned into small vials of 3 mL. As reported in a previous publication 198 
32, the total iron concentration was measured with UV-Vis spectrophotometry (Varian, Cary 60) 199 

at a wavelength of 278 nm and the ferricyanide concentration at a wavelength of 420 nm. Since 200 

numerous studies have demonstrated that ferri-/ferrocyanide is susceptible to photocatalyzed 201 

decomposition 28-30 all the experiments were performed protecting the solutions from light by 202 

wrapping the vials with aluminum foil and keeping them stored in a closed box in a lab with no 203 

windows. To study the effect of the carbon electrode interaction, the same starting solution was 204 

added to several vials (3 mL) containing pieces (4 mm  4 mm) of SGL or HCBA electrodes.  205 

 206 

Results 207 

Effect of pH on ferri-/ferrocyanide cycling stability 208 

We first characterized the effect of pH on the observed capacity fade in symmetric cells by 209 

comparing four identical cell builds using SGL as electrodes, with 0.1 M ferri-/0.1 M ferrocyanide 210 



electrolytes at varying pH. As seen in Fig. 1, an exponential drop in capacity is observed when 211 

cycling ferri-/ferrocyanide symmetric cell flow batteries at highly alkaline pH. Given that capacity 212 

in AORFBs has typically been shown 32 to decrease exponentially over time – a behavior consistent 213 

with unimolecular decomposition kinetics –  we report instantaneous temporal fade rates derived 214 

from the slope of the natural log of discharge cycle capacity vs time plot (−d ln C / dt, where C(t) 215 

is the time-dependent capacity). The plotted discharge capacities in Fig. 1a represent 118, 123, 216 

155, and 103 cycles for pH 7, 12, 13, and 14, respectively. We do not report AORFB capacity fade 217 

rates in units of % per cycle as it is a meaningless figure of merit for time-denominated fade 218 

mechanisms when the cycle period changes due to a) ohmic resistance changes, and b) (apparent) 219 

capacity fade. Furthermore, comparing fade rates of cells that differ in initial capacity are futile if 220 

using % per cycle, unless the cycle period is identical between each cell. An increased rate of 221 

capacity fade with increase in pH can clearly be seen in Fig. 1, similar to the reported trend in 31. 222 

However, a distinct difference in total capacity utilization must first be noted between our work 223 

and previous work demonstrating cell cycling of AORFB electrolytes. Each symmetric cell in Fig. 224 

1 initially accesses >99% of the theoretical capacity of the CLS electrolyte due to the use of 225 

potentiostatic charge/discharge cycling. Both refs. 31 & 35 cycle cells galvanostatically, consistently 226 

accessing less than 90% of their theoretical initial capacity, thus leading to inconsistent results 227 

associated with accessing the full SOC. When comparing multiple different cells with presumably 228 

different cell ohmic resistances (typically membrane-dominated, especially across multiple pH 229 

values), galvanostatic cycling alone results in significantly different absolute values of accessed 230 

capacities, casting serious doubt on any cell capacity fade comparison made using such susceptible 231 

cycling techniques. Given that a proper symmetric cell begins initially at 50% SOC in the CLS 232 

and NCLS, and each cell is charged first, the first charge capacity data point is roughly half of the 233 

total capacity (i.e., the CLS is charged from 50% to 100% SOC) and the first discharge capacity 234 

data point is the total capacity (i.e. the CLS is discharged from 100% to 0% SOC). Of note in Fig. 235 

1, initial discharge capacities of greater than 100% theoretical capacity are achieved, with 236 

increased capacity seen at increased pH – especially at pH 14 where 112% of theoretical capacity 237 

is achieved in the first discharge. If ferri-/ferrocyanide is chemically stable and these cells simply 238 

suffer from apparent capacity fade, this is an indication of the previously reported 32 pH-dependent 239 

parasitic reduction of ferricyanide to ferrocyanide. During discharge, the CLS converts 240 

ferrocyanide to ferricyanide (facilitated electrochemically by the flow cell) but an electroless 241 

reduction of ferricyanide back to ferrocyanide could continually occur in solution as long as 242 

ferricyanide is present.  243 



 244 

Figure 1. (a) Potentiostatic cycling of 0.1 M ferri-/0.1 M ferrocyanide at pH 7, 12, 13, and 14 in 245 

symmetric cells with SGL electrodes; pH 7 is 6.3 mL CLS vs 11.0 mL NCLS, while all other cells 246 
are 6.0 mL CLS vs 11.0 mL NCLS. (b) with zoomed in vertical scale. 247 

 Given that the reduction potential of ferri-/ferrocyanide is pH-independent, high pH leads 248 

to increased favorability of the OER in a ferri-/ferrocyanide solution. This effect can be explained 249 

by examining the Pourbaix diagram for aqueous ferri-/ferrocyanide in Fig. 2, with half reactions 250 

of interest described by equations (1) and (2). A subtle distinction to be considered is the Nernstian 251 

shift of the OER potential–pH equilibrium line as a function of oxygen partial pressure: assuming 252 

room temperature, the OER in air (21% oxygen) is shifted 10 mV more negative than standard 253 

conditions (i.e., 1 bar oxygen), and in glovebox (2 ppm oxygen) the OER is shifted 84 mV more 254 

negative than standard conditions. Thus, for a 50% SOC ferri-/ferrocyanide electrolyte, the 255 

oxidation of water accompanied by the reduction of ferricyanide to ferrocyanide is 256 

thermodynamically possible at pH >12.3 in air, or pH >11.1 in glovebox. It should be noted, 257 

however, that electrochemically, the OER is kinetically sluggish – especially on carbon electrodes 258 
36. 259 



 260 

Figure 2. Pourbaix diagram of ferri-/ferrocyanide, oxygen evolution reaction (OER) in different 261 

atmospheres, and 200 mV window accessed by the symmetric cell when an initially 50% SOC 262 

solution is used as CLS and NCLS.  263 

 264 

 4𝐹𝑒(𝐶𝑁)6
3− + 4𝑒− → 4𝐹𝑒(𝐶𝑁)6

4− (1) 

 4𝑂𝐻− → 2𝐻2𝑂 + 𝑂2 + 4𝑒− (2) 

 265 

When cycling a symmetric cell starting at 50% SOC in both the CLS and NCLS (i.e., 266 

identical solutions except in volume), the initial open circuit voltage is 0 V, and a voltage of 267 

±200 mV is applied across the cell for charge/discharge in order to access over 99% of the capacity 268 

of the CLS 32. Given that both sides of the cell contain identical concentrations of the same starting 269 

electrolytes, it is reasonable to assume that the applied potential is equally divided between CLS 270 

and NCLS i.e. 100 mV of overpotential per side (see blue shaded region of Fig. 2 denoting 271 

±100 mV window about the formal reduction potential of ferri-/ferrocyanide, resulting from an 272 

absolute applied voltage of 0.2 V on each charge/discharge cycle). A previous report attributes the 273 

observed capacity fade to electrochemical OER occurring concurrently with ferricyanide reduction 274 

during the discharging process 34. However, the electrochemical OER is kinetically sluggish on 275 

carbon and would proceed only when a large overpotential is applied. This is inconsistent with the 276 

results of Goulet and Aziz 32, in which fast capacity fade was still observed when pH 14 ferri-277 

/ferrocyanide electrolytes were pumped through a cell without any electrochemical cycling, and 278 

capacity fade rates significantly decreased when electrolytes were stored out of contact with the 279 

electrodes of the cell for a period of time before cycling the cell again. The observed rapid 280 

reduction of ferricyanide in alkaline conditions is indicative of an electroless (chemical) reduction, 281 

possibly catalyzed by carbon electrodes. Taken together, these results indicate that reports of 100% 282 

capacity retention in neutral pH ferri-/ferrocyanide electrolytes are not unprecedented, as neither 283 

chemical oxidation of water by ferricyanide nor electrochemical oxygen evolution at the applied 284 

cell potentials is favored in neutral pH conditions 37. Other examples of electroless OER facilitated 285 

by species with similar reduction potentials to ferri-/ferrocyanide include Au(OH)4
− 38, and 286 

W(CN)6
3− and Mo(CN)6

3− 39. 287 



NMR confusion: Carbonate species vs free cyanide 288 

In the reported claim of alkaline ferri-/ferrocyanide chemical instability, ref. 31, the 289 

supposed nail in the coffin was 13C NMR detection of free cyanide. Páez et al. proposed that this 290 

signal arises from dissolved carbonate, not free cyanide, which they hypothesized comes from 291 

K2CO3 impurity present in bulk dry KOH 34. However, while we agree that carbonate is being 292 

detected instead of free cyanide, we hypothesize that the main source of dissolved carbonate in 293 

both works is actually atmospheric in origin. 13C NMR data from ref. 34 demonstrates a carbonate 294 

signal that increased in intensity as the electrolyte was cycled in an RFB over time, analogous to 295 

the results in ref. 31. Neither report makes any mention of the use of an inert glovebox atmosphere 296 

for both flow cell cycling and 13C NMR sample preparation, leading us to assume that atmospheric 297 

CO2 could readily dissolve in the highly alkaline electrolytes as they cycled. CO2 dissolution 298 

kinetics in alkaline aqueous solutions are known to be rapid, with the carbonate ion being the 299 

dominant carbon species at high pH, and bicarbonate ion dominating in mildly alkaline conditions. 300 

Further complicating the analysis of cycled alkaline ferri-/ferrocyanide electrolytes is the 301 

following unlucky twist of fate: in alkaline conditions, free cyanide has a 13C NMR shift of 165-302 

166 ppm  40,41, but between pH 7-14, the carbonate/bicarbonate peak ranges over 161-170 ppm, 303 

potentially overlapping the cyanide signal 42. The range in signal shift is due to the fast 304 

equilibration of carbonate/bicarbonate which results in a single NMR peak whose chemical shift 305 

depends on the relative concentration of the two species, which is of course, a function of pH 43. 306 

This explains the carbonate/bicarbonate peak and lack of free cyanide peak observed in 13C NMR 307 

data from ref. 34, and the peak misattributed to free cyanide in ref. 31. Results from cycled ferri-308 

/ferrocyanide electrolytes at pH >14 also show the same issue of carbonate being mistaken for 309 

cyanide 44. 310 

To confirm the chemical stability of alkaline ferri-/ferrocyanide electrolytes under our 311 

cycling conditions, we measured the 13C NMR of the pH 14 electrolyte solutions for CLS and 312 

NCLS reservoirs before and after the cycling that showed dramatic capacity fade in Fig. 1. The 313 

spectra are reported in Fig. 3. The 13C NMR measurements were conducted on electrolytes before 314 

and after cycling to detect whether cyanide anions had formed during cycling. The signal at 315 

38.8 ppm corresponds to the internal standard DMSO, and the signal at 176.8 ppm corresponds to 316 

diamagnetic ferrocyanide. Ferricyanide is a paramagnetic species and is not detected in standard 317 
13C NMR; the presence of small amounts of ferricyanide inhibits the carbon signal from 318 

ferrocyanide, as shown in ref. 34. Therefore, measuring 13C NMR of cycled ferri-/ferrocyanide 319 

electrolytes without first ensuring a fully reduced (i.e., all ferrocyanide) sample, would likely not 320 

deliver any carbon signal. Combined with the presence of undesired dissolved CO2 species (as 321 

described earlier) one could be led to incorrectly concluding that ferri-/ferrocyanide has fully 322 

degraded and released its cyanide ligands into solution, as we believe occurred in ref. 31. We used 323 

a solution of 0.1 M potassium cyanide at pH 14 as a positive control, with a signal at 164.9 ppm 324 

corresponding to free cyanide anions, seen in Fig. 3c. The distinct difference in chemical shift 325 

between ferrocyanide and free cyanide indicates that the ferri-/ferrocyanide alkaline posolyte did 326 

not chemically decompose to produce cyanide anions when cycled electrochemically in a 327 

symmetric cell, in either the NCLS (Fig. 3a) or the CLS (Fig. 3b). This is consistent with recent 328 

reports 32,34 and confirms that the capacity fade observed during cell tests is only apparent and is 329 



not linked to chemical decomposition of ferricyanide. In recent work, a mechanism involving 330 

homogeneous ferricyanide reduction facilitated by cyanide oxidation to cyanate (OCN−) was 331 

proposed 35. Once again, the evidence for this process appears to be derived from misinterpreted 332 
13C NMR spectra, where an NMR peak near 167 ppm is attributed to cyanate (normally found near 333 

129 ppm 45,46) when it is due simply to free cyanide that had been added to solution. Given that the 334 

electroless ferricyanide reduction is already being facilitated by the electroless OER, the presence 335 

or absence of cyanide in solution would not affect the final result of conversion to ferrocyanide. 336 

Furthermore, ref. 35 claims that ammonia/ammonium was detected in ferri-/ferrocyanide 337 

electrolytes, thus proving their hypothesized mechanism of electroless ferricyanide reduction via 338 

cyanide oxidation to cyanate, which further hydrolyzes to ammonium. We offer an alternative 339 

explanation for these results. The method of adding strong acid to a solution of ferri-/ferrocyanide 340 

to trap ammonia (which evolves under the proposed mechanism) leads to a self-fulfilling prophecy: 341 

strong acid could in fact both release cyanide ligands from ferri-/ferrocyanide and hydrolyze the 342 

resulting free cyanide to ammonium formate. Acid-mediated hydrolysis of cyanide to ammonium 343 

formate is well documented 47-49 thus the proposed chemical reduction of cyanide to cyanate, 344 

further hydrolyzed to ammonia, may be incorrect in ref. 35. This would explain the eventual 345 

detection of ammonia/ammonium and formate through the combination of ex situ 1H NMR/13C 346 

NMR/GC-FID results in ref. 35. Hydrolysis of cyanide to ammonium can also be expedited by 347 

heating the solution 50, and ref. 35 detected ammonia by using GC-FID which heats the solution to 348 

several hundred degrees Celsius. Furthermore, ref. 35 did not state that the pH of all solutions tested 349 

by GC-FID are the same, thus any trend of ammonia concentration cannot necessarily be 350 

determined, as ammonia volatility is extremely pH-dependent.  351 

In Fig. 3, the absence of a signal from either the cycled CLS or NCLS electrolyte between 352 

161-170 ppm indicates that we have prevented absorption of atmospheric CO2, which would result 353 

in dissolved carbonates and obfuscate any detection of free cyanide. Given that we do not observe 354 

free cyanide in fresh electrolytes, or cycled electrolytes exhibiting large apparent capacity fade, 355 

our results clearly undermine the proposed mechanisms in 31 and 35, and are a strong indication 356 

that alkaline ferri-/ferrocyanide electrolytes are chemically stable for RFB applications.  357 



 358 

Figure 3. 13C NMR measurements of (a) Electrolyte from NCLS of 0.1 M ferri-/0.1 M 359 
ferrocyanide pH 14 symmetric cell with SGL electrodes. Electrochemically cycled for 7 days, and 360 

then fully reduced to ferrocyanide; (b) Electrolyte from CLS of 0.1 M ferri-/0.1 M ferrocyanide 361 
pH 14 symmetric cell with SGL electrodes. Electrochemically cycled for 7 days, and then fully 362 
reduced to ferrocyanide; (c) 0.1 M potassium cyanide at pH 14; (d) 0.1 M ferrocyanide at pH 14, 363 

uncycled. 364 

 365 

Carbon electrode-catalyzed electroless redox 366 

To quantitatively probe the stability of ferricyanide and its previously hypothesized 367 

interaction with porous carbon electrodes 32, we used UV-Vis spectrophotometry to measure total 368 

ferricyanide and total iron concentrations over time in quiescent solutions with and without SGL 369 

carbon electrodes. In Figure 4 we report the resulting changes in ferricyanide and total iron 370 

concentration for a series of pH 14 solutions stored either in contact or out of contact with SGL 371 

electrodes. The data in Fig. 4 indicate that the total concentration of iron remains constant during 372 

both experiments, while the ferricyanide concentration decreases to almost zero in less than a week 373 

when the solution is in contact with the electrode. This demonstrates that there is a direct 374 

interaction between the carbon surface and ferricyanide. At high pH, the carbon electrode appears 375 

to enhance the rate of electroless ferricyanide reduction to ferrocyanide facilitated by the chemical 376 

OER, as previously reported 32. However, a relatively slow chemical reduction of ferricyanide was 377 

still observed in solutions that were not in contact with the carbon electrodes, at a rate of 3%/day 378 

for a 3 mL sample of 0.5 mM ferricyanide at pH 14. In the absence of electrode contact, the rate 379 

of homogeneous ferricyanide reduction will ultimately set a pH-dependent upper limit on the 380 

lifetime for any RFB configuration. Understanding how this rate depends on pH, concentration of 381 



ferri-/ferrocyanide, oxygen partial pressure in the headspace, and mixing properties of the 382 

electrolyte, is an important direction for future work.  383 

 384 

Figure 4. UV-Vis measured time-dependence of ferricyanide and total iron concentration in 3 mL 385 

of 0.5 mM ferricyanide pH 14 solution in contact and out of contact with 4 mm  4 mm SGL 386 
electrode. Solutions were stored in glass vials. 387 

In the supplementary information (see Fig. S1) we report the same experiment done using more 388 

oxygen permeable polypropylene vials and that those solutions exhibited faster reduction of the 389 

ferricyanide anions due to evolved oxygen escaping the vials more quickly. This suggests that the 390 

electroless OER (equation 2) raises the oxygen partial pressure in the head space, which acts to 391 

suppress the electroless OER rate unless O2 escapes from the head space. To test this hypothesis, 392 

we employed gas chromatography-mass spectrometry (GC-MS) to detect the formation of O2. 393 

Three samples were prepared in glovebox: (a) 5 mL of 1 M KOH; (b) 5 mL of 0.25 M ferricyanide 394 

in 1 M KOH; (c) 5 mL of 0.25 M ferricyanide in 1 M KOH soaking a 5 cm2 SGL carbon electrode. 395 

All solutions were sealed in 10 mL air-tight headspace vials for GC-MS measurements. Fig. S2 396 

shows that an oxygen signal was detected from sample (b) and (c), which is consistent with 397 

equations (1) and (2) stating that hydroxide is oxidized to O2 while ferricyanide is reduced to 398 

ferrocyanide. Furthermore, a stronger oxygen signal (higher signal/noise ratio) is detected from 399 

sample (c), implying that the carbon electrode plays a role in catalyzing this chemical redox 400 

reaction. Additionally, the 13C NMR spectrum of post-cycled ferri-/ferrocyanide electrolyte (Fig. 401 

3a & 3b) does not show any side peaks, indicating that the SGL carbon electrode was not oxidized 402 

to any soluble carbonaceous species such as carbonate (given the alkaline conditions), thus ruling 403 

out carbon electrode oxidation by ferricyanide. Therefore, both in situ (cell cycling) and ex situ 404 

(13C NMR, UV-Vis, GC-MS) experiments support the hypothesis of a pH-dependent electroless 405 

reduction of ferricyanide accompanied by electroless OER, which can be further accelerated by 406 

carbon electrodes. A recent report 35 proposing electroless reduction of ferricyanide facilitated by 407 

free cyanide oxidation did not detect evolved O2 in ferri-/ferrocyanide electrolytes but one possible 408 

reason for this is that their GC experiments were performed only on post-cycled electrolytes, when 409 



electroless OER may already have ceased after reaching equilibrium. It is understandable that with 410 

a continuously flowing electrolyte, unsealed reservoir headspace, and gas permeable flow cell 411 

equipment, small amounts of oxygen evolution could go unnoticed and escape from lab-scale flow 412 

cells. 413 

  414 

Electrode surface area 415 

The results of the previous section would indicate a potential issue for RFB design when 416 

employing ferri-/ferrocyanide electrolytes and carbon electrodes. To explore the effect of electrode 417 

surface area, we utilized a porous electrode with nearly five times less surface area, the HCBA 418 

woven carbon cloth. Symmetric cell cycling of 0.1 M ferri-/0.1 M ferrocyanide solutions at 419 

different pH with HCBA electrodes is shown in Fig. 5, with the pH 14 SGL cycling data from Fig. 420 

1 included as a comparison. The plotted discharge capacities of HCBA cells in Fig. 5a represent 421 

250, 255, and 201 cycles for pH 12, 13, and 14, respectively. Once again, each symmetric cell in 422 

Fig. 5 initially accesses >99% of the theoretical capacity of the CLS electrolyte due to the use of 423 

potentiostatic charge/discharge cycling. As seen in Fig. 1, cells using SGL electrodes often 424 

demonstrated initial discharge capacities greater than 100% theoretical capacity, with increased 425 

initial capacity seen at increased pH, consistent with a chemical reduction of ferricyanide to 426 

ferrocyanide. In the HCBA cells of Fig. 5, this effect is no longer seen in the discharge capacity 427 

data. During symmetric cell cycling using SGL electrodes, a fast apparent capacity fade rate of 428 

roughly 20%/day was observed at pH 14, but when cells were cycled using HCBA electrodes and 429 

pH 14 conditions only a minimal 0.1%/day apparent capacity fade rate was measured. Table 1 430 

illustrates the increase in instantaneous apparent capacity fade rate with increasing pH for the 431 

symmetric cells of Figs. 1&5. These results imply that the coupled electroless ferricyanide 432 

reduction/OER reaction is enhanced by carbon electrode surface area, and therefore influences 433 

apparent capacity fade rates in symmetric cells. 434 

 435 

Figure 5. (a) Potentiostatic cycling of 0.1 M ferri-/0.1 M ferrocyanide at pH 12, 13, and 14 in 436 
symmetric cells with HCBA electrodes; pH 12 and 13 are 5.8 mL CLS vs 11.0 mL NCLS, pH 14 437 



is 5.7 mL CLS vs 11.0 mL NCLS. Cell data for pH 14 with SGL electrodes from Fig. 1 is included 438 
as comparison. (b) with zoomed in vertical scale. 439 

Table 1. Instantaneous apparent capacity fade rates of 0.1 M ferri-/0.1 M ferrocyanide 440 
symmetric cells, nominally 6 mL CLS vs 11 mL NCLS, cycled in glovebox.  441 

pH 

Instantaneous apparent capacity fade rate 

(%/day) 

SGL HCBA 

7 none -- 

12 <0.01 <0.01 

13 1.4 0.01 

14 20 0.1 

 442 

We also measured the pH, before and after cycling, of the CLS electrolytes in SGL and 443 

HCBA cells, reported in Fig. 6 as total decrease in hydroxide concentration. 0.1 M ferro/0.1 M 444 

ferricyanide solutions at the given pH values were used as controls to monitor the coupled 445 

electroless ferricyanide reduction/OER without enhancement from contact with carbon electrodes, 446 

all kept and measured in glovebox. At each starting pH, the symmetric cells using SGL electrodes 447 

demonstrated larger loss of hydroxide than HCBA cells, but the use of either electrode led to a 448 

larger decrease in hydroxide concentration than the respective blank. For cycled electrolytes at pH 449 

12, 13, and 14, the SGL cells experienced a decrease in initial hydroxide concentrations of 450 

approximately 80%, 60%, and 20%, respectively.   451 

 452 

Figure 6. Total decreased hydroxide concentration in the CLS of the symmetric cells from Figs. 453 

1&5, measured after 5 days of cycling in a glovebox. ‘No electrode’ is a 0.1 M ferro/0.1 M 454 
ferricyanide solution at the given pH, identical to the starting CLS of each cell, left stirring in 455 
glovebox but without any contact with a carbon electrode. 456 



13C NMR measurements were performed for cycled and uncycled pH 14 electrolytes when 457 

HCBA was used as the electrode (analogous to SGL measurements seen in Fig. 3). 13C NMR 458 

spectra of electrolytes from the HCBA cell are shown in Fig. S4. Consistent with the results from 459 

SGL electrodes, we do not detect any formation of free cyanide in electrolytes cycled with HCBA 460 

electrodes, providing further proof that the capacity fade observed during cell tests is only apparent 461 

and is not linked to chemical decomposition of ferri-/ferrocyanide. Dissolved carbonates were not 462 

detected either, ruling out any process involving ferricyanide reduction facilitated by carbon 463 

electrode corrosion to dissolved inorganic species in alkaline conditions. UV-Vis measurements 464 

of total ferricyanide and total iron concentrations over time in pH 14 electrolyte-soaked HCBA 465 

electrodes (analogous to experiments performed in Fig. 4 for SGL electrodes) can be seen in Fig. 466 

S5. A trend of increased ferricyanide reduction in the presence of carbon electrodes was again 467 

observed. However, it should be noted that the rate of ferricyanide reduction in these ex situ 468 

measurements cannot easily be compared to the observed apparent fade rates in cell cycling 469 

because the UV-Vis measurements are in quiescent solutions (compared to constant electrolyte 470 

flow in cells) and the act of electrochemically charging/discharging electrolytes in symmetric cells 471 

enforces a non-linear (electrochemical) replenishment of a reactant i.e., ferricyanide. Furthermore, 472 

we cannot compare the rates of ferricyanide reduction between the two electrodes in the ex situ 473 

UV-Vis experiments, because the use of quiescent solutions results in diffusion-limited reactions 474 

controlled by the intricate porous structures of the electrodes, which differ considerably.  475 

To compare the available active sites of SGL and HCBA electrodes that enhance the 476 

coupled electroless reduction of ferricyanide and OER requires the combined characterization of 477 

hydraulic permeability and mass transport within the electrodes, the effect (if any) of electrode 478 

surface functional groups and/or doping on liquid/gas interactions, O2 diffusion in the electrode, 479 

electrode compression, and electrochemically active surface area for the desired ferri-/ferrocyanide 480 

redox reaction, and is beyond the scope of this work 51-56. As a simplification, we report BET 481 

surface area from gas adsorption measurements in the Table S1 as an estimate of maximum 482 

available surface area for enhancement of the electroless process. We observe SGL to have nearly 483 

an order of magnitude larger specific surface area than HCBA. An area for future work includes 484 

the quantification of such a unique three-phase interaction for the electroless process, and how it 485 

couples to mass transport within porous/woven carbon electrodes and electrochemically-driven 486 

redox reactions within an RFB. 487 

Another issue with the SGL carbon electrodes is the graphitic binder that holds the intricate 488 

system of carbon fibers in place, enabling the electrode to have such large surface area. The binder 489 

contains no fluorinated or sulfonated polymers in the matrix, as is typically found in electrodes 490 

used for fuel cells. This is contrasted by the HCBA electrodes fabricated by inter-weaving carbon 491 

fibers to provide mechanical strength without the need for a binder. SEM images of both electrodes 492 

are shown in Fig. S6, along with EDS analysis with the elemental composition for SGL (Fig. S7) 493 

and HCBA (Fig. S8). Because of the manufacturing process, the mats of HCBA electrodes are 494 

thicker than the SGL, producing electrode mats with lower surface areas. We find that when 495 

cycling pH 14 ferri-/ferrocyanide electrolytes in symmetric cells using SGL electrodes, loss of 496 

carbon fibers can occur during cycling and can be seen by the change in color of the electrolyte 497 

solutions, which become darker. When left in quiescence for a few days after cycling, black fibrous 498 



deposits became apparent on the bottom of the electrolyte reservoirs, as shown in Fig. S9, 499 

indicative of fiber/binder removal from the electrode. The use of high surface area porous 500 

electrodes with binders complicates matters as the OER process can be mechanically destructive 501 

(gas generation in liquid-filled pores), causing the binder to disintegrate over time and releasing 502 

electrode fibers. SGL is a gas diffusion electrode (GDE) optimized for gas flow in polymer 503 

electrolyte fuel cells, rather than liquid flow in an RFB, thus mechanical removal of degraded 504 

binder facilitated by constant electrolyte flow through the electrodes could occur. Much of the 505 

work in AORFBs has been built using the adopted architecture of fuel cells, especially the use of 506 

GDEs to provide high active surface area to facilitate the electrochemistry of dissolved redox-507 

actives 57. Only recently has it been shown that carbon cloth electrodes may provide improved 508 

performance for RFBs in terms of electrochemical and hydraulic performance 52,53,58. Achieving 509 

the lowest active surface area electrode that still provides the best overall performance would 510 

minimize the effect of the electrode-enhanced electroless ferricyanide reduction, while possibly 511 

also minimizing electrode materials costs. An important avenue for future work is correlating the 512 

difference in apparent capacity fade rates between electrodes with characteristics such as the 513 

electrode active surface area in contact with the electrolyte and the electrode mass transport 514 

properties. 515 

 516 

Apparent capacity fade 517 

To distinguish coulometrically between irreversible chemical decomposition and apparent 518 

capacity fade due to electrode-enhanced electroless ferricyanide reduction, a 0.1 M ferri-/0.1 M 519 

ferrocyanide pH 14 symmetric cell with SGL electrodes was cycled for approximately four days, 520 

resulting in significant apparent capacity fade, as seen in Fig. 7. Electrochemical cycling was then 521 

paused, and the NCLS was replaced with a fresh electrolyte identical to the starting NCLS i.e., 522 

50% SOC, 0.1 M ferri-/0.1 M ferrocyanide at pH 14. Electrochemical cycling was then restarted 523 

for two days before a second NCLS refresh occurred. When considering the initial discharge of 524 

>100% theoretical capacity (explained above, seen in Fig. 1), each successive NCLS refresh 525 

allowed for full capacity recovery in the CLS. Each successive run demonstrated a significant 526 

decrease in the instantaneous apparent capacity fade rate: 20%/day during initial cycling, 5%/day 527 

after the first NCLS refresh, and 0.1%/day after the second NCLS refresh. We attribute this change 528 

in capacity fade primarily to the continuous decrease in CLS pH due to electroless OER, the rate 529 

of which decreases with decreased pH. Although we refresh the NCLS with a new pH 14 solution, 530 

the NCLS does not access the SOC extreme where ferricyanide is highest in concentration as often 531 

as the CLS. The loss of SGL fibers due to mechanical degradation of the binder, which reduces 532 

active surface area that can enhance the electroless ferricyanide reduction, may also contribute to 533 

the decreased apparent capacity fade rate to a lesser degree. This experiment also highlights the 534 

importance of checking whether observed capacity fade is real or apparent, by refreshing or adding 535 

additional NCLS electrolyte after significant capacity loss has been observed. This rule applies to 536 

both full cells and symmetric cells. The data in Fig. 7 prior to the first NCLS refresh are similar to 537 

previously published 31,35 alkaline ferri-/ferrocyanide cells where the authors concluded in each 538 

case that extreme capacity fade was due to irreversible chemical degradation, rather than checking 539 

whether cell unbalancing had occurred and all initial capacity actually remained. We also carried 540 



out a similar experiment with a 0.05 M ferri-/0.05 M ferrocyanide pH 14 electrolyte, and once 541 

again were able to fully achieve the initial CLS capacity after significant apparent capacity fade. 542 

We refer the reader to Fig. S10 for details. 543 

  544 

 545 

Figure 6. Potentiostatic cycling of a 0.1 M ferri-/0.1 M ferrocyanide pH 14 symmetric cell (6 mL 546 

CLS vs 11 mL NCLS) with SGL electrodes. The NCLS was replaced after approximately 4 days, 547 
and 6 days, with 11 mL of fresh 50% SOC electrolyte. The CLS is discharged prior to NCLS 548 
replacement. 549 

We next quantified the effect of CLS electrolyte refreshment, identical to the experiment 550 

shown in Fig. 7, but this time replacing the initial CLS after significant apparent capacity fade had 551 

occurred. Once again, a 0.1 M ferri-/0.1 M ferrocyanide pH 14 symmetric cell with SGL electrodes 552 

was cycled, as seen in Fig. 8. After 7 days and significant apparent capacity fade, electrochemical 553 

cycling was paused with the CLS discharged, and the CLS was replaced with a fresh electrolyte 554 

identical to the starting 50% SOC CLS. After another 7 days of cycling, a second CLS refreshment 555 

occurred. Given that each refresh introduces a new 6 mL CLS with slightly different capacity due 556 

to uncertainty in aliquoting, we plot normalized discharge capacity (defined as discharge cycle 557 

capacity normalized by discharge capacity of the first cycle) for each new CLS used. Once again, 558 

each successive CLS refresh demonstrated a significant decrease in the instantaneous apparent 559 

capacity fade rate. In this case however, the starting NCLS is used for the entire 21 days of cell 560 

cycling. During this time, there is a continuous decrease in NCLS pH due to the electroless OER. 561 

The electroless process is pH-dependent, with a decreasing rate with decreased pH, and so the rate 562 

at which the NCLS can unbalance the cell slows over time. Before each CLS refresh, the cell is 563 

paused with the CLS in a discharged (oxidized) state, meaning that the NCLS is in a charged 564 

(reduced) state containing mainly ferrocyanide. The electroless reduction of ferricyanide continues 565 

to create more ferrocyanide in the NCLS as well. This means that when a fresh CLS is introduced 566 

and charged up (ferricyanide in the CLS electrochemically converted to ferrocyanide), the NCLS 567 

has a larger available SOC range (more available ferrocyanide to electrochemically convert to 568 

ferricyanide) than before and thus the cell takes longer to become unbalanced, resulting in a slower 569 



apparent capacity fade rate. This process occurs again after another CLS refresh, albeit even 570 

slower.  571 

 572 

Figure 7. Potentiostatic cycling of a 0.1 M ferri-/0.1 M ferrocyanide pH 14 symmetric cell (6 mL 573 

vs 11 mL) with SGL electrodes. After 7 days of cycling (blue squares), the CLS was replaced with 574 
6 mL of fresh 50% SOC electrolyte and cycled for 7 days (red circles). This CLS replacement was 575 
repeated a second time and again cycled for 7 days (black triangles). 576 

The experiments of Figs. 7 and 8 demonstrate the ways in which measured capacity fade 577 

can be apparent but not real, and the importance of understanding the accessible SOC range in 578 

both the CLS and the NCLS. First, capacity in the CLS can be fully accessed only if there is enough 579 

accessible capacity in an NCLS. By accessible, we mean enough reduced species in the NCLS to 580 

be oxidized so that oxidized species in the CLS can be reduced on charging, and vice versa for 581 

discharging. Unwanted shifts in SOC, even if only occurring in the NCLS, can result in a smaller 582 

accessible range of SOC in the CLS. For example, a very large NCLS at an extreme SOC (i.e., 583 

near 0% or 100%) may still result in the inability to access all capacity in a much smaller CLS, 584 

depending on the CLS SOC. Thus, large total capacity differences between CLS and NCLS can 585 

provide a false sense of security in the ability of a cell to fully access the capacity of a CLS. It is 586 

for this very reason that all our symmetric cells used for standard characterization of capacity fade 587 

rates in new redox-active molecules begin with both CLS and NCLS at 50% SOC and include an 588 

adequate volume excess in the NCLS. Other proposed half-cell configurations do not provide this 589 

safety buffer, and their use has resulted in the misinterpretation of apparent capacity fade rates as 590 

real capacity fade rates 31,35,59. 591 

The effect of the electroless ferricyanide reduction at pH 14 with SGL electrodes was then 592 

evaluated in terms of flow battery relevant design metrics, such as electrode geometric surface 593 

area, electrolyte volumes in the CLS and NCLS, and starting concentration of ferri-/ferrocyanide. 594 

We report the observed apparent capacity fade rates in symmetric cells as a function of the initial 595 

concentration of ferri-/ferrocyanide (all cells begin with 50% SOC electrolytes, 6 mL CLS vs 596 

11 mL NCLS) in Fig. 9a. In symmetric cells with low concentration of ferri-/ferrocyanide, we see 597 

extremely rapid apparent capacity fade due to the large ratio of carbon electrode active surface 598 



area to molarity of ferri-/ferrocyanide in each electrolyte reservoir. With both CLS and NCLS 599 

experiencing fast electroless ferricyanide reduction, cells become unbalanced quickly, 600 

demonstrating rapid apparent capacity fade. Given the cell configuration (total electrode area, 601 

reservoir volumes) used in Fig. 9a, apparent capacity fade rates are minimized at ferri-602 

/ferrocyanide concentrations greater than 150 mM each. Fig. 9b demonstrates the effect of 603 

increased electrode surface area on the apparent capacity fade rate, in cells containing a fixed 604 

electrolyte concentration (0.1 M ferri-/0.1 M ferrocyanide, at pH 14) configured as 12 mL CLS vs 605 

22 mL NCLS, with varying number of 5 cm2 layers of SGL electrodes on both sides of the 606 

symmetric cell. We see a similar trend to that of changing the ferri-/ferrocyanide concentration: as 607 

the ratio of carbon electrode active surface area to concentration of ferri-/ferrocyanide increases 608 

(i.e., more electrode layers for a fixed ferri-/ferrocyanide concentration), the apparent capacity 609 

fade rate increases. From Fig. 9, we see that apparent capacity fade rates are not just affected by 610 

ferri-/ferrocyanide concentrations but, most importantly, total molarity of ferri-/ferrocyanide per 611 

electrode surface area. Commercial scale AORFBs built for long duration energy storage would 612 

likely employ very large electrolyte volumes and optimal active species concentrations for high 613 

energy density, and thus will have very small electrode active area to mols of ferri-/ferrocyanide 614 

ratios, thereby minimizing apparent capacity fade rates (if any) attributed to the posolyte 615 

chemistry. Minimization of such apparent fade rates can already be seen in numerous reports of 616 

extremely low capacity fade rates of negolyte chemistries cycled against alkaline ferri-617 

/ferrocyanide posolytes with very small electrode area to mols ferri-/ferrocyanide ratios 618 
8,10,13,14,60,61. 619 

620 
Figure 8. Apparent capacity fade rates of potentiostatically cycled pH 14 symmetric cells with 621 
SGL electrodes and (a) 6 mL CLS vs 11 mL NCLS for various ferri-/ferrocyanide 622 

concentrations; (b) 0.1 M ferri-/0.1 M ferrocyanide, 12 mL CLS vs 22 mL NCLS, for various 623 
geometric surface areas of SGL electrodes per side. Lines are only meant to guide the eye.   624 

 The volume of electrolytes in the CLS and NCLS, and their ratio, define the allowable 625 

trajectory of accessible SOC when cycling ferri-/ferrocyanide symmetric cells experiencing 626 

electroless reduction of ferricyanide. To demonstrate the effect of reservoir volumes, we cycled 627 

0.1 M ferri-/0.1 M ferrocyanide pH 14 electrolytes in cells with SGL electrodes at multiple CLS 628 



and NCLS volume configurations. Fig. 10a demonstrates the effect on apparent capacity fade rate 629 

of varying CLS volumes for a fixed NCLS volume. We first note that apparent capacity fade rates 630 

increase as CLS volumes increase, thus a smaller difference between volumes of the CLS and 631 

NCLS leads to faster apparent capacity fade rates. This trend occurs due to the NCLS having to 632 

swing to larger SOC extremes to enable access to CLS capacity, based on the difference between 633 

the volumes of the two reservoirs, and the volume of the CLS itself. The deeper the SOC swings 634 

in the NCLS, the larger the concentration of electrochemically generated ferricyanide will be 635 

available, leading to a faster rate of electroless reduction of ferricyanide, furthering cell 636 

unbalancing. Fig. 10b demonstrates the effect on apparent capacity fade rate in cells with a fixed 637 

CLS volume of 4 mL, but varying NCLS volumes. Once again, we see increasing apparent 638 

capacity fade rates when the volume difference between CLS and NCLS is decreased, due to the 639 

larger SOC swing that must occur in a smaller NCLS to be able to access capacity in the CLS. Of 640 

the five symmetric cells shown in Fig. 10b, it was also observed that the color of the CLS was 641 

progressively darker going from the cell with smallest NCLS (largest apparent fade) to the cell 642 

with largest NCLS (lowest apparent fade). This could be explained by the fact that the lowest 643 

apparent capacity fade cell allows for the deepest SOC access of its CLS, due to its large NCLS, 644 

thus enabling maximum amounts of electroless ferricyanide reduction/OER while the cell is 645 

electrochemically cycled. Increasing amounts of OER with SGL electrodes will lead to significant 646 

mechanical degradation of the electrodes, as described above, thus leading to a darkening of the 647 

CLS electrolyte. 648 

 649 

 650 

Figure 9. Apparent capacity fade rates of potentiostatically cycled 0.1 M ferri-/0.1 M ferrocyanide 651 

pH 14 symmetric cells with SGL electrodes and (a) fixed NCLS volumes; (b) fixed 4 mL CLS 652 

volume. Lines are only meant to guide the eye. 653 

Results that follow the trends of the fixed-volume CLS/NCLS experiments are shown in 654 

Fig. 11 where we report the effect of the NCLS:CLS volume ratio on apparent capacity fade. As 655 

before, we cycled 0.1 M ferri-/0.1 M ferrocyanide pH 14 electrolytes in cells with SGL electrodes 656 

at multiple CLS and NCLS volume configurations, now plotted considering the volume ratio of 657 



the two reservoirs (some data from above figures is included here). The trends from Fig. 10 still 658 

apply, but we can now see a shifting of the CLS volume – apparent capacity fade trend with volume 659 

ratio. As the NCLS:CLS volume ratio increases, apparent capacity fade rates decrease for a given 660 

CLS volume due to the additional capacity in the NCLS allowing for deeper SOC accessing of the 661 

CLS before unbalancing occurs. Deeper SOC accessing will provide more measured capacity. 662 

Cells with the smallest volume CLS have the largest ratio of carbon electrode surface area to moles 663 

of ferricyanide, thereby exacerbating the electroless parasitic process that leads to rapid 664 

unbalancing. By varying CLS and NCLS volumes, and their ratio, we demonstrate that an apparent 665 

capacity fade rate in ferri-/ferrocyanide symmetric cells  is essentially an engineered quantity i.e., 666 

an apparent fade rate depends on the choice of cell geometry (electrode surface area, volumes of 667 

CLS and NCLS, volume ratio NCLS:CLS) and electrolyte composition (pH, starting concentration 668 

of ferri-/ferrocyanide) and thus any fair comparison of apparent fade rates in ferri-/ferrocyanide 669 

symmetric cells must include a description of all such flow battery parameters. 670 

 671 

Figure 11. Apparent capacity fade rates of potentiostatically cycled 0.1 M ferri-/0.1 M 672 

ferrocyanide pH 14 symmetric cells with SGL electrodes and fixed NCLS:CLS volume ratios. 673 

Lines are only meant to guide the eye.   674 

 675 

Conditions enabling the practical use of ferro/ferricyanide in AORFBs 676 

Based on the experiments reported here and those in refs. 31,32,34,35, we offer the following 677 

observations enabling practical utilization of alkaline ferri-/ferrocyanide electrolytes in AORFBs:  678 

a. For a 50% SOC electrolyte, the electroless reduction of ferricyanide via electroless OER is 679 

thermodynamically unfavorable below pH 11.1 in a glovebox and pH 12.3 in air. However, 680 

given the Nernstian shift in potential as a function of SOC, lower pH electrolytes may still 681 

enable small amounts of electroless ferricyanide reduction/OER at SOC extremes.  682 

b. The electroless reduction of ferricyanide could be limited by maintaining high oxygen 683 

partial pressure in the reservoir headspace or by sealing the headspace to permit the partial 684 

pressure to build during use. However, one must be careful to not simply open the 685 



headspace to air containing CO2, as this would decrease electrolyte pH and introduce 686 

carbonates.   687 

c. At pH 14, the electrode-catalyzed rate at which ferricyanide converts to ferrocyanide 688 

through electroless reduction via OER decreases as the ratio of the total number of 689 

ferricyanide ions to the electrode surface area increases. Consequently, we anticipate that 690 

this effect should be negligible with the large electrolyte volumes and energy densities 691 

required for practical flow battery installations with energy/power ratios of several hours.  692 

d. Carbon electrodes with less binder, or less surface area, should be less active in promoting 693 

parasitic reduction of ferricyanide. 694 

e. If, in the worst-case scenario, parasitic reduction of ferricyanide is unavoidable in a given 695 

system architecture, then it may be feasible to use rebalancing techniques such as 696 

electrochemical oxidation coupled with hydrogen evolution or the oxygen reduction 697 

reaction62, as there is no loss of the ferri-/ferrocyanide redox-active species. 698 

Conclusions 699 

We demonstrate that in the dark/in diffuse indoor light, ferri-/ferrocyanide is chemically 700 

stable in highly alkaline electrolytes. It is determined that a pH-dependent electroless reduction of 701 

ferricyanide to ferrocyanide, via OER, occurs in alkaline electrolytes. The rate of this electroless 702 

parasitic reaction can also be enhanced by carbon electrode active area. Symmetric cell cycling 703 

experiments show that apparent capacity fade arises from the electroless process, taking the SOC 704 

of the CLS and NCLS out of balance, thereby decreasing the accessible capacity of the system. 705 

The apparent capacity loss can be completely recovered by refreshing the NCLS and/or various 706 

rebalancing techniques. We also present evidence to support our arguments that refs. 31,35 have 707 

incorrectly attributed apparent capacity fade to the chemical degradation of ferri-/ferrocyanide and 708 

assigned a carbonate peak to free cyanide. We show that symmetric cell unbalancing occurs due 709 

to electroless OER rather than electrochemical OER as previously hypothesized in ref. 34. These 710 

results highlight the importance of an engineered atmosphere when cycling AORFBs, not only to 711 

prevent the oxidation of low-potential negolyte species by oxygen, but also to prevent CO2 712 

dissolution and the resulting pH variations in alkaline electrolytes. Our experiments further 713 

demonstrate that the apparent capacity fade rate at pH 14 decreases as the ratio of the total number 714 

of ferricyanide ions to the electrode surface area increases. We reveal how the apparent capacity 715 

fade rate of an alkaline ferri-/ferrocyanide symmetric cell is manipulated by the choice of electrode 716 

area, reservoir volumes, pH, and concentration. Based on these results, we anticipate that the 717 

impact of electrode-catalyzed parasitic ferricyanide reduction at tested pH values up to 14 should 718 

be negligible in a commercial scale application with the large electrolyte volumes required for 719 

RFB installations with energy/power ratios of several hours, cycling each day. These results should 720 

prevent the AORFB community from being misled into rejecting ferri-/ferrocyanide as a 721 

competitive posolyte species in alkaline conditions.   722 

 723 

  724 



Figure descriptions 725 

Figure 10. (a) Potentiostatic cycling of 0.1 M ferri-/0.1 M ferrocyanide at pH 7, 12, 13, and 14 in symmetric 726 
cells with SGL electrodes; pH 7 is 6.3 mL CLS vs 11.0 mL NCLS, while all other cells are 6.0 mL CLS vs 727 
11.0 mL NCLS. (b) with zoomed in vertical scale. 728 

Figure 11. Pourbaix diagram of ferri-/ferrocyanide, oxygen evolution reaction (OER) in different 729 
atmospheres, and 200 mV window accessed by the symmetric cell when an initially 50% SOC solution is 730 
used as CLS and NCLS.  731 

Figure 12. 13C NMR measurements of (a) Electrolyte from NCLS of 0.1 M ferri-/0.1 M ferrocyanide pH 732 
14 symmetric cell with SGL electrodes. Electrochemically cycled for 7 days, and then fully reduced to 733 
ferrocyanide; (b) Electrolyte from CLS of 0.1 M ferri-/0.1 M ferrocyanide pH 14 symmetric cell with SGL 734 
electrodes. Electrochemically cycled for 7 days, and then fully reduced to ferrocyanide; (c) 0.1 M potassium 735 
cyanide at pH 14; (d) 0.1 M ferrocyanide at pH 14, uncycled. 736 

Figure 13. UV-Vis measured time-dependence of ferricyanide and total iron concentration in 3 mL of 0.5 737 
mM ferricyanide pH 14 solution in contact and out of contact with 4 mm  4 mm SGL electrode. Solutions 738 
were stored in glass vials. 739 

Figure 14. (a) Potentiostatic cycling of 0.1 M ferri-/0.1 M ferrocyanide at pH 12, 13, and 14 in symmetric 740 
cells with HCBA electrodes; pH 12 and 13 are 5.8 mL CLS vs 11.0 mL NCLS, pH 14 is 5.7 mL CLS vs 741 
11.0 mL NCLS. Cell data for pH 14 with SGL electrodes from Fig. 1 is included as comparison. (b) with 742 
zoomed in vertical scale. 743 

Figure 6. Total decreased hydroxide concentration in the CLS of the symmetric cells from Figs. 1&5, 744 
measured after 5 days of cycling in a glovebox. ‘No electrode’ is a 0.1 M ferro/0.1 M ferricyanide solution 745 
at the given pH, identical to the starting CLS of each cell, left stirring in glovebox but without any contact 746 
with a carbon electrode. 747 

Figure 15. Potentiostatic cycling of a 0.1 M ferri-/0.1 M ferrocyanide pH 14 symmetric cell (6 mL CLS vs 748 
11 mL NCLS) with SGL electrodes. The NCLS was replaced after approximately 4 days, and 6 days, with 749 
11 mL of fresh 50% SOC electrolyte. The CLS is discharged prior to NCLS replacement. 750 

Figure 16. Potentiostatic cycling of a 0.1 M ferri-/0.1 M ferrocyanide pH 14 symmetric cell (6 mL vs 11 751 
mL) with SGL electrodes. After 7 days of cycling (blue squares), the CLS was replaced with 6 mL of fresh 752 
50% SOC electrolyte and cycled for 7 days (red circles). This CLS replacement was repeated a second time 753 
and again cycled for 7 days (black triangles). 754 

Figure 17. Apparent capacity fade rates of potentiostatically cycled pH 14 symmetric cells with SGL 755 
electrodes and (a) 6 mL CLS vs 11 mL NCLS for various ferri-/ferrocyanide concentrations; (b) 0.1 M 756 
ferri-/0.1 M ferrocyanide, 12 mL CLS vs 22 mL NCLS, for various geometric surface areas of SGL 757 
electrodes per side. Lines are only meant to guide the eye. 758 

Figure 18. Apparent capacity fade rates of potentiostatically cycled 0.1 M ferri-/0.1 M ferrocyanide pH 14 759 
symmetric cells with SGL electrodes and (a) fixed NCLS volumes; (b) fixed 4 mL CLS volume. Lines are 760 
only meant to guide the eye. 761 

Figure 11. Apparent capacity fade rates of potentiostatically cycled 0.1 M ferri-/0.1 M ferrocyanide pH 14 762 
symmetric cells with SGL electrodes and fixed NCLS:CLS volume ratios. Lines are only meant to guide 763 
the eye. 764 
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