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In situ bulk magnetization measurements reveal the state of 
charge of redox flow batteries 

Evan Wenbo Zhao,a,b Edward J. K. Shellard,a Peter A. A. Klusener,c and Clare P. Grey a* 

We report two methods, including NMR spectroscopy and direct 

magnetic susceptibility measurement, for in situ (strictly online) 

measurement of the state of charge of redox flow batteries. These 

methods are demonstrated on the inorganic redox-active catholyte 

potassium ferro/ferri cyanide cycled against 2,6-

dihydroxyanthraquinone as the anolyte in a full cell, and should be 

applicable to a wide range of redox couples, provided that the 

magnetization of the electrolyte solution depends on its oxidation 

state. 

 

Stationary energy storage for the grid is becoming increasingly 

important to store and distribute energy from intermittent 

renewable sources. Redox flow batteries (RFBs) are particularly 

attractive for this application because, unlike traditional 

batteries, they store energy in electrolyte tanks rather than in 

solid materials.1-5 This feature allows their capacity to be scaled 

up in a cost-efficient way by merely changing the tank size. 

However, these batteries come with their own set of challenges. 

During battery operation, side reactions and cross-over of the 

electrolytes in an RFB can occur and cause an imbalance in the 

oxidation states of the catholyte and anolyte, which inevitably 

results in capacity loss. Depending on the mechanisms, the 

electrolytes can be re-balanced, and the capacity can be 

restored allowing the RFBs to continue to operate at full 

capacity. In order to achieve this re-balancing, the state-of-

charge (SOC), defined by the average oxidation state of the 

redox-active electrolytes in RFBs, needs to be accurately 

measured.6  

 The open-circuit voltage (OCV) has been used to monitor the 

SOC of a flow battery by using the Nernst Equation to relate the 

voltage to the ratios of the electrolytes.6 However, if the system 

is unbalanced, OCV becomes an unreliable method by which to 

determine the SOC. Alternatively, a reference electrode could 

be placed in each half-cell electrolyte tank but these reference 

electrodes are inherently unreliable, particularly for long-time 

measurements, a large number of factors leading to drifts in the 

measured potential. Furthermore, for most redox couples, the 

potential changes are small over a wide range of SOCs and often 

the SOC is only accurately measured at the end of a redox 

process and a step in voltage is seen.  For these reasons, new 

robust approaches are needed to accurately measure the SOC. 

 The electrolyte conductivity has been used as an indicator 

for SOC.7 This was demonstrated for all-vanadium RFBs, 

exploiting the mechanism whereby the ion-pairing between 

SO4
2- and the VO2+ and VO2

+ causes a shift in acid dissociation 

equilibria. However, this method is limited to the systems 

whose ionic conductivity depends on the oxidation state of the 

electrolytes. Optical absorption spectroscopy has also been 

used to monitor the SOC. This method is applicable to many 

types of redox couples as the optical properties are inherently 

coupled to the oxidation state of a molecule.7,8 However, optical 

methods are sometimes limited by their spectral resolution and 

also to absorption problems for highly concentrated 

electrolytes. In a new approach, in our previous studies, we 

demonstrated that the bulk magnetization of the electrolyte 

solution can be a useful indicator of the SOC of an organic 

molecule-based RFB,9,10 where the magnetization was 

measured via the shift of water resonances in the NMR spectra 

as a function of electrochemical cycling. Here, we demonstrate 

the applicability of this method to an inorganic electrolyte, 

specifically, the potassium ferro/ferri cyanide redox couple, 

chosen because it is a commonly used, cheap electrolyte in RFB 

systems.11-15 First we measured the bulk magnetization by in 

situ NMR (Fig. 1), calculating a value for the effective magnetic 

moment, 𝜇𝑒𝑓𝑓 , for the [Fe(III)(CN)6]3- ions that is greater than its 

spin only value, consistent with an orbital contribution to the 

magnetism. We then make use of a low-cost magnetic 

susceptibility balance, available in many laboratories, namely 
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the Evans balance.16  This balance detects the force that a 

paramagnetic sample exerts on a nearby permanent magnet, 

and we use it here to demonstrate a simpler and low-cost way  

to measure the bulk magnetization of the electrolyte solution. 

The methods demonstrated can be similarly applied to study a 

wide range of inorganic redox couples, including vanadium-

based,17, 18 chromium-based,19 manganese-based,20 and iron-

based electrolytes.21, 22    

 Figure 2 presents the in situ 1H NMR spectra of the catholyte 

during electrochemical cycling. The acquisition of the 1H NMR 

spectra started 13 minutes before the commencement of 

electrochemical cycling. During the in situ measurement, the 

battery was charged (oxidation of [Fe(II)(CN6)]4- to 

[Fe(III)(CN6)]3-) at 100 mA to a cut-off voltage of 1.7 V, followed 

by a discharge (reduction of [Fe(III)(CN6)]3- to [Fe(II)(CN6)]4- at 

100 mA to a cut-off voltage of 0.6 V. The only 1H NMR 

observables in the catholyte solution are the residual protons in 

the deuterated solvent, existing in the form of H2O or HDO. 

Their resonances are set at 4.79 ppm prior to electrochemical 

cycling, which is the chemical shift of pure water at room 

temperature. Due to the diamagnetic properties of the low-spin 

d6 Fe2+ complex [Fe(II)(CN6)]4-  anion, the water resonances may 

deviate from 4.79 ppm. Nonetheless, since only the changes in 

the shifts of the water resonances are used for analyses, these 

deviations are cancelled out allowing us to measure changes in 

the paramagnetic susceptibility. Upon charging, the resonance 

of H2O shifts towards a higher chemical shift in a linear fashion, 

reaching of 6.28 ppm at the top of charge. Upon discharging, 

the resonance of H2O shifts back towards a lower chemical shift 

of 5.02 ppm. In the following charge/discharge cycles, the 

spectra show reversible trends (Fig. 2 and Fig. S1). 

 The shifts of H2O resonances are caused by the changes of 

bulk magnetization of the electrolyte solution. The 

[Fe(II)(CN6)]4- anions are diamagnetic, while the d5 

[Fe(III)(CN6)]3- anions are paramagnetic containing low-spin Fe3+ 

ions, i.e. with a single unpaired electron in the t2g orbital and 

spin S = 1/2. The concentrations of [Fe(II)(CN6)]4- and 

[Fe(III)(CN6)]3- anions determine the bulk magnetization of the 

electrolyte solution. Based on the results from the in situ NMR 

measurement, the bulk magnetic susceptibility was calculated 

using Eq. S1. Figure 3a presents the voltage profile and the 

calculated bulk magnetic susceptibility of the catholyte solution 

as a function of time. During the first charge,  

corresponding to the oxidation of [Fe(II)(CN6)]4- to 

[Fe(III)(CN6)]3- anions,  𝛥𝜒 increases linearly from 0 to 0.36 ppm, 

for an overall capacity of the cell of a 97.4 mA.h (theoretical 

capacity of a balanced cell is 107.2 mA.h). In the following 

discharge, it decreases to 0.06 ppm linearly and reversible 

changes of 𝛥𝜒 are obtained in the subsequent charge/discharge 

cycles.  

 Figure 3b presents the plot of 𝛥𝜒 as a function of battery 

capacity Q, where 𝛥𝜒 and Q are calculated by Eqs. S1 and S7, 

respectively.  Fitting this data by Eq. S6 gives a slope of 0.0036 

ppm mA-1h-1 with a coefficient of determinant 𝑅2 = 0.99999. 

The effective magnetic moment  𝜇𝑒𝑓𝑓  was calculated to be 2.14 

BM (Bohr magnetons) per Fe3+ ion. Replacing 𝜇𝑒𝑓𝑓  by 2.14 BM 

in Eq. S4, including the other constants, we obtain, 
ΔC𝑃=122.18𝛥𝛿 (1) 

where the concentration of ferricyanide can be calculated from 

the change in chemical shift (in ppm) using the factor of 122.18 

mol/m3. The bottom panel of Figure 3a presents the 

concentration of [Fe(III)(CN)6]3- anions as a function of time, 

calculated by using Eq. S7. During the first charge cycle, the 

concentration of [Fe(III)(CN)6]3- anions increases linearly to 

184.1 mM, then decreases to 29.0 mM in the following 

discharge cycle. During the second cycle, it increases to 183.8 

mM and then decreases to 28.1 mM. Reversible changes of 

concentrations as a function of electrochemical cycling were 

observed in the subsequent charge-discharge cycles (Fig. S1). 

Note that the measurement was performed on the electrolyte 

solution directly coming out of the electrochemical cell. In 

practice, SOC measurement will be done on the tank content, 

e.g. in the tank outlet, since there is a concentration difference 

between the measured value of the cell outlet to that of the 

electrolyte solution in the tank. To visualize this difference 

between SOC of tank and cell outlets, we established an 

analytical model (Fig. S2) and calculated a low SOC difference of 

1.7% under the current experimental conditions because of the 

relatively high flow rate. 

 The measured value of 𝜇𝑒𝑓𝑓  2.14 BM is higher than the spin-

only value, 1.73 for an S=1/2 ion. This deviation is ascribed to 

 

Fig. 1| Schematic of the in situ NMR setup. The battery is set up outside the NMR 

magnet. The catholyte potassium ferro/ferri cyanide solution is pumped through the 

NMR probe. On the right, a 10 mm (O.D.) flow NMR tube used as the sampling 

apparatus in the NMR probe. 

 
Fig. 2| In situ 1H NMR spectra acquired during electrochemical cycling. The voltage 

and 1H NMR spectra of the catholyte solution, a 20 cm3 200 mM K4[Fe(CN)6], versus 

20 cm3 300 mM AQ in a full cell comprising of two graphite flow plates with 

serpentine flow patterns, two 5.0 cm2 carbon felt electrodes and a Nafion 212 

membrane. The flow rate was set at 13.6 cm3/min. The data was acquired while 

charging/discharging with a current of 100 mA. The colour scale indicates the 

intensity of the resonances in arbitrary units. The NMR signal arises from water, 

comprising a mixture of rapid exchanging H2O and HDO molecules. 
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the non-zero (i.e., partially quenched) orbital contribution to 

the magnetic moment of the [Fe(III)(CN)6]3- anion. Low-spin d5  

ions in an octahedral environment have an electronic 

configuration t2g
5, corresponding to a 2T2g state, with an orbital 

contribution of 1. Given the t2g orbitals are more than ½-filled, 

the orbital contributions result in positive deviations from the 

spin-only values. A 𝜇𝑒𝑓𝑓  value of greater than 1.73 BM was 

similarly measured for potassium ferricyanide powders at 300 

K.23 Variations in the extent of the deviations from the spin-only 

values for spin-1/2 systems T states may also originate from 

additional distortions due to Jahn-Teller effects, coupling 

between ions (in the solid state) and differences in temperature 

between measurements. 

 The NMR results demonstrate that the bulk magnetization 

of electrolyte solution can be a useful indicator for the SOC of a 

flow battery and that NMR is a sensitive tool to measure this 

bulk magnetization. However, the high cost and bulky size of an 

NMR instrument make it impractical to be widely used to study 

commercial flow batteries. This motivated us to search for a 

simpler and inexpensive technique to measure the bulk 

magnetization. The Evans balance,16 based on a torsion 

mechanism, is a good candidate. In this method, a paramagnetic 

sample introduced in a glass tube between the first pair of 

magnets causes a deflection that is compensated by an 

electromagnet between the balancing second pair of magnets, 

the required compensation measuring the magnetic 

susceptibility. We designed a flow tube that fits into the cavity 

of an Evans balance, adopting a tube-in-a-tube design, as shown 

in Fig. 4a, in which a 1/16” PFA tube is inserted into a 3 mm O.D. 

glass tube. The electrolyte solution flows to the bottom of the 

glass tube through the inner tube, and then flows out through 

the outer tube and the side arm attached to it. This design 

ensured smooth electrolyte flow through the reservoir, 

avoiding any stagnation points where stale electrolyte could 

accumulate. 

 The measurement was performed on a 15 cm3 500 mM 

K4[Fe(CN)6] vs 15 cm3 300 mM AQ full cell during  

electrochemical cycling. The solvent was H2O with 1 M KOH as 

the supporting electrolyte for the catholyte, and 1.6 M KOH for 

the anolyte. The battery was rested for 15 mins before being 

charged at 150 mA to a cut-off voltage of 1.7 V (corresponding 

to the oxidation of [Fe(II)CN6]4- to [Fe(III)CN6]3-); this was 

followed by a 1.7 V potential hold for one hour.  The cell was 

then discharged (reduction of [Fe(III)CN6]3- to [Fe(II)CN6]4-) at 

150 mA to a cut-off voltage of 0.6 V with a potential hold at 0.6 

V for an hour thereafter. The magnetic susceptibility and 

calculated concentration of [Fe(III)CN6]3- (Figure 4b) exhibit a 

linear growth when charging and a linear decline when 

discharging.  The overlayed calculated values from the cell’s 

capacity correlate well with magnetic susceptibility Δχ.  Thus, to 

a first approximation, the change in the magnetic susceptibility 

is directly proportional to the capacity and, therefore, the SOC 

of the battery.  

 Evans balances may be affected by changes in the local 

environment and so we took care to minimise any possible 

interferences by reducing the air-flow and monitoring the 

temperature. When the balance was left undisturbed and the 

temperature changed by only one degree over the course of the 

experiment (reported in Figure 4), we were able to obtain 

reproducible and accurate measurements. Earlier attempts 

before we had optimised the set-up are described in the SI. 

Finally, we note that while magnetic susceptibilities are 

temperature dependent, they vary in a predictable manner 

(typically as the reciprocal of temperature) and it would be 

 
Fig. 4|Bulk magnetization measurement using an Evans balance. a, The flow 

sampling apparatus designed for the Evans balance. A 1/16” PFA tube is used as the 

inlet and inserted to the bottom of a 3 mm O.D. glass tube. The side arm on the right 

is the outlet. The apparatus is placed in the balance at a depth of 50 mm. See Fig. S3 

for pictures of the real setup and the sampling apparatus. b, The voltage of a 15 cm3 

500 mM K4Fe(CN)6 vs 15 cm3 300 mM AQ full cell is shown at the top; at the bottom, 

the changes of bulk magnetic susceptibility (in red) and the concentration of 

[Fe(III)(CN)6]3- anions (right axis) during electrochemical cycling. Measurements were 

taken every five minutes and error bars show the variance of the five readings at 10 

second intervals which were averaged. The blue line represents the capacity 

calculated from the current flow measured in the electrochemistry.  
Fig. 3|Bulk magnetic susceptibility and concentrations of ferricyanide ions. a, The 

voltage of a 20 cm3 200 mM K4Fe(CN)6 vs 20 cm3 300 mM AQ full cell is shown at the 

top; in the middle, the susceptibility as a function of time during electrochemical 

cycling; at the bottom, the concentration of [Fe(III)(CN)6]3- anions as a function of 

time, calculated using a 𝜇𝑒𝑓𝑓  value of 2.14 BM. b, Susceptibility as a function of 

battery capacity during the first charge cycle. The blue squares represent the 

experimental data, the pink line represents the fit using Eq. S6. A slope of 0.0036 

ppm mA-1h-1 was obtained with a 𝑅2 = 0.99999. 
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straightforward to account for any external temperature 

fluctuations with, for example, a simple calibration curve.   

 To conclude, we have measured the bulk magnetization of 

the ferro/ferri cyanide electrolyte solution as a function of 

electrochemical cycling. This was achieved by monitoring the 

shift of water resonances in the 1H NMR spectra and using its 

linear relationship to the bulk magnetization of the electrolyte 

solution. Fitting the data of magnetic susceptibility as a function 

of battery capacity, we calculated the effective magnetic 

moments of the dissolved ferricyanide anions to be 2.14 BM. 

We further calculated the concentration of ferricyanide anions 

using this value allowing the SOC of the battery to be 

determined during cycling. We emphasize that this method is 

applicable to a wide range of redox chemistries, where the 

magnetization of the electrolyte solution changes as a function 

of its oxidation state. This requirement is fulfilled by iron-, 

vanadium-, chromium-, manganese- and many organic 

molecule-based systems that involve radical anions. 

 Motivated by the NMR results, with the goal of developing 

a compact device that can be applied to large-scale redox flow 

batteries, we used an Evans balance to measure the bulk 

magnetization of the electrolytes. We again obtained a clear 

correlation between the readings from the Evans balance and 

the capacity of the battery, closely corresponding with the NMR 

measurements of bulk magnetization. The Evans balance is an 

example of a simple, small and cheap device with sufficient 

sensitivity to measure variations in electrolyte magnetization. 

With a customized modification to the Evans balance or similar 

instrument, the design of a compact device that can be 

integrated into a commercial flow battery to reliably measure 

the state of charge is readily envisaged. 
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