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Redox flow batteries have shown outstanding promise for grid-scale energy storage to promote utilization

of renewable energy and improve grid stability. Nonaqueous battery systems can potentially achieve high

energy density because of their broad voltage window. In this paper, we report a new organic redox-

active material for use in a nonaqueous redox flow battery, 2-phenyl-4,4,5,5-tetramethylimidazoline-1-

oxyl-3-oxide (PTIO) that has high solubility (>2.6 M) in organic solvents. PTIO exhibits electrochemically

reversible disproportionation reactions and thus can serve as both anolyte and catholyte redox materials

in a symmetric flow cell. The PTIO flow battery has a moderate cell voltage of �1.7 V and shows good

cyclability under both cyclic voltammetry and flow cell conditions. Moreover, we demonstrate that FTIR

can offer accurate estimation of the PTIO concentration in electrolytes and determine the state of

charge of the PTIO flow cell, suggesting FTIR as a powerful online battery status sensor. This study is

expected to inspire more insights in this under-addressed area of state of charge analysis aiming at

operational safety and reliability of flow batteries.

Introduction

Redox ow batteries (RFBs) show great promise for grid energy

storage by enabling reliable integration of intermittent renew-

able energy and improving grid stability and efficiency.1–3 RFBs

store energy in externally contained liquid-phase electrolytes

that are circulated through the electrodes for energy conversion.

Thus, energy and power of RFBs can be independently

controlled by scaling the tank size and the reactor area,

respectively. Such features afford high scalability and modular

manufacturing suitable for large-scale stationary applications.

Despite signicant advances, aqueous RFBs are generally

limited by the narrow electrochemical window to avoid

electrolysis of water (�1.5 V).4–6 In contrast, nonaqueous elec-

trolytes can provide broader voltage windows (2–5 V) that may

enable energy-dense, low-cost storage systems.7 As such,

nonaqueous RFBs have attracted considerable attention.8–10 A

wide spectrum of nonaqueous ow chemistries in various cell

designs have been investigated including metal-coordinated

complexes,11,12 metal ionic liquids,13,14 all-organic,15–18 semi-

solid,19,20 redox active polymers,21 and Li metal hybrid ow

batteries22 (such as Li/polysulde23,24 and Li/organic25–29).

Among them, organic-based electroactive compounds are

particularly attractive due to their structural diversity, molec-

ular tailorability, environmental benignity, and potentially low

cost.30,31 Because of these assets, even water-soluble organic

electroactive materials have been developed for aqueous

RFBs.32–36

Despite the attractive features of nonaqueous RFBs, large

technical hurdles still exist. The rst one is the low concentra-

tions of redox materials demonstrated in these systems, typi-

cally near 0.1 M translating to energy densities no higher than 5

Wh L�1. New redox materials with high solubility must be

identied to develop high-energy RFB systems. Second, elec-

trolyte viscosity and ionic resistance increase rapidly as the

redox material concentration increases in nonaqueous electro-

lytes, which substantially deteriorates the rate performance of

nonaqueous RFBs. Overcoming these limitations requires

improvement in ow cell design and development of high-
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performance membranes to allow for high concentration cell

cycling.37

Another aspect that seems to be under-addressed is quanti-

tative diagnostics of ow battery status such as state of charge

(SOC). Real-time control and monitoring are required to

maintain safe RFB operation and deliver reliable service.

Accurate determination of SOC is essential to detect potential

risks such as overcharge, gas evolution, electrolyte imbalance,

material decomposition, etc., before reaching threatening

levels. For example, the vanadium ow battery typically operates

within a SOC range of <80%, beyond which gas evolution and

V2O5 precipitation may occur and jeopardize the overall

system.38 In addition, to decrease total costs, the optimum SOC

range may vary according to the energy to power (E/P) ratio

required for specic applications.39 SOC diagnostic methods

should be reliable, robust, fast, low-cost, and facile for online

integration. However, there are very few reports to this end,40–43

especially in nonaqueous ow batteries.25 Spectrophotoscopic

methods are suitable candidate techniques, such as ultraviolet-

visible (UV-vis) spectroscopy that was attempted in aqueous all-

vanadium RFBs to monitor SOC.44–46

To address some of the limitations of nonaqueous RFBs, we

report a new redox active material, 2-phenyl-4,4,5,5-tetrame-

thylimidazoline-1-oxyl-3-oxide (PTIO), for use in a symmetric

nonaqueous RFB. PTIO is a nitronyl nitroxide radical and has

high solubility; for example, we measured a solubility of 2.6 M

in acetonitrile (MeCN) as shown in Fig. S1 in the ESI.† Nitronyl

nitroxide-containing compounds and polymers have been

investigated in a variety of new applications such as batteries,

memory devices, and molecular magnets.47–50 As shown in

Scheme 1, PTIO undergoes electrochemically reversible

disproportionation reactions and exhibits two reversible redox

pairs that are decently separated in redox potentials. Thus,

PTIO can be used as an ambipolar redox material in

a symmetric ow battery.51 When charged, PTIO is converted to

the aminoxyl anion (PTIO�) at the anolyte side and to the

oxoammonium cation (PTIO+) at the catholyte side. Cyclic

voltammetry (CV) and ow cell tests were carried out to eval-

uate the electrochemical performance of the PTIO ow chem-

istry. Moreover, we demonstrate that Fourier transform

infrared spectroscopy (FTIR) can effectively monitor the SOC,

which is cross-validated with electron spin resonance (ESR)

microscopy.

Experimental section
Materials

All chemicals were used as received without further purication.

PTIO (>98.0%) was purchased from TCI America. Tetrabuty-

lammonium hexauorophosphate (TBAPF6, electrochemical

grade) was purchased from Sigma-Aldrich. Battery grade MeCN

was purchased from BASF (Cleveland, OH).

CV tests

Preparation of electrolyte samples, CV tests and ow cell tests

were performed in an argon-lled MBraun® glove box (Stratham,

NH, USA) with bothH2O and O2 levels below 1 ppm. A 3-electrode

conguration was set up with a glassy carbon working electrode,

a graphite felt (GFD, SGL Group, Germany) strip counter elec-

trode and an Ag/AgNO3 reference electrode. The CV tests were

performed at various potential sweep rates at room temperature.

Flow cell tests

The ow cell was assembled with two graphite felt electrodes

sandwiching a Daramic® (a registered trademark of Daramic

LLC) porous separator (Owensboro KY). The separator had

a median pore size of 0.15 mm and a porosity of 57%.52 The

active area of the ow cell was 10 cm2. An electrolyte solution

(4 mL) containing 0.1 M or 0.5 M PTIO in 1.0 M TBAPF6/MeCN

was added to each reservoir and was circulated through the cell

by a Masterex® L/S® peristaltic pump (Cole-Parmer, Vernon

Hills, IL) at a ow rate of 20 mL min�1. Galvanostatic charge/

discharge cycling was performed with constant current mode

using a LAND® battery tester (LanHe instruments, China).

FTIR measurements

The electrolyte sample was added to a sealed FTIR cell with KBr

windows and a path length of 0.2 mm in the Ar-lled glove box.

A SampleSaver™ storage container was used when the sample

was transported outside the glove box. The FTIR cell was

mounted to a Bruker VERTEX 70 spectrometer and the spec-

trum was collected at room temperature. For the calibration

curve, samples containing 0.05 M, 0.1 M, 0.15 M, 0.2 M, 0.25 M,

0.3 M, 0.35 M, 0.4 M, 0.45 M and 0.5 M PTIO in the same 1.0 M

TBAPF6/MeCN supporting electrolyte were used.

A ow cell using an electrolyte of 0.5 M PTIO in 1.0 M TBAPF6
(11 mL) in each reservoir was galvanostatically charged at 10 mA

cm�2. At time intervals of 0, 18, 36, 54, and 72 minutes, small

sample aliquots (0.2 mL) were taken out from both reservoirs

and were subjected to both FTIR and ESR measurements at

room temperature. The samples were denoted as sample #0, #1,

#2, #3, and #4, respectively.

ESR tests

A small amount (�10 mL) of each sample aliquot was sealed in

a PTFE tubing (1/160 0 OD and 1/320 0 ID) with CRITOSEAL at both

ends, which was then double sealed in a quartz ESR tube (4 mm

diameter) to avoid exposure to air. The ESR measurements were

performed on a Bruker Elexsys 580 spectrometer tted with an

Scheme 1 The electrochemical reactions of the PTIO-based

symmetric flow chemistry. Active sites for both reactions are at the

N–O bond.
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SHQE resonator with microwave frequency�9.85 GHz (X band).

The concentration of unreacted PTIO in each sample was ob-

tained from the integral of its ESR spectrum. The original 0.5 M

PTIO in 1.0 M TBAPF6 solution was used to calibrate the PTIO

concentration.

Results and discussion
Electrochemical performance of PTIO

To identify redox states and determine the redox potentials of

PTIO, CV was performed in a three-electrode conguration. The

supporting electrolyte was 1.0 M TBAPF6 in MeCN. Fig. 1a plots

repeated CV scans over 500 cycles at a potential sweep rate of

100 mV s�1. The CV curves display two pairs of well-dened,

reversible redox peaks, corresponding to the two electro-

chemical reactions shown in Scheme 1. The respective half-

wave potentials of these two redox couples, calculated by aver-

aging the oxidation and reduction peaks of each couple, are

determined to be �1.27 V and 0.46 V, both versus Ag/Ag+. These

values yield a theoretical cell voltage of 1.73 V for this PTIO ow

battery chemistry. More importantly, the CV curves of these 500

cycles almost completely overlap with each other (see Fig. S2 in

the ESI for expanded view†). This result demonstrates the high

stability of the two redox couples of PTIO under CV scan

conditions. Fig. 1b plots the CV curves of both PTIO electro-

chemical reactions at various potential sweeping rates (n)

ranging from 10–500 mV s�1, and Fig. 1c shows the derived

linear relationship between the peak current (ip) and the square

root of sweeping rate (n1/2). According to the Randles–Sevcik

equation, a diffusion coefficient of �6.2 � 10�6 cm2 s�1 was

obtained from the linear ip–n
1/2 relationship.

The PTIO-based symmetric RFB design has attractive oper-

ational benets.51 First, the crossover of charged PTIO species

(PTIO+ or PTIO�) does not result in disparate chemicals and

irreversible side reactions. Both electrochemical reactions of

PTIO occur at the same N–O bond and the reaction between

PTIO+ and PTIO� regenerates the original PTIO. This argument

is conrmed with ESR thanks to the unpaired electron in PTIO.

As shown in Fig. 2, mixing the PTIO+ and PTIO� samples caused

almost complete recovery of the ESR signal of the original PTIO,

demonstrating negligible side reactions. During ow cell oper-

ation, the crossover species (PTIO+ or PTIO�) will react with the

host species (PTIO� or PTIO+) to convert back to PTIO, which

leads to minimal irreversible crossover. The second benet is

the high effective concentrations of redox materials that can

reach as high as their nominal solubilities in supporting

Fig. 1 CV curves of PTIO in a supporting electrolyte of 1.0 M TBAPF6/

MeCN: (a) 500 cycles of repeated CV scans with 0.1 M PTIO at 100 mV

s�1; (b) at different potential sweep rates (n ¼ 10, 20, 50, 100, 200 and

500 mV s�1) with 5.0 mM PTIO; (c) linear relationship between ip and

n
1/2 obtained from Randles–Sevcik analysis.

Fig. 2 ESR spectra of the original PTIO, PTIO+, PTIO�, and amixture of

PTIO+ and PTIO� (1 : 1 volume ratio). PTIO+ and PTIO� were elec-

trochemically prepared by fully charging a flow cell employing the

original PTIO electrolyte of 5.0 mM in 1.0 M TBAPF6. PTIO
+ and PTIO�

do not have unpaired electrons and thus are not ESR active (the weak

ESR signals in PTIO+ and PTIO� belong to the small amount of

unreacted PTIO).

5450 | J. Mater. Chem. A, 2016, 4, 5448–5456 This journal is © The Royal Society of Chemistry 2016
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electrolytes. In contrast, RFBs that pair two different redox

substances usually use mixed-reactant electrolytes to reduce

crossover, which however greatly sacrices the effective redox

concentrations demonstrated in ow cells.16,53,54

The cycling performance of the PTIO ow chemistry was

evaluated galvanostatically in ow cells that used a Daramic®

porous separator. The separator enabled relatively high cell

conductivity because of its large pore size. Fig. 3 displays the cell

efficiencies and capacities at the PTIO concentrations ([PTIO])

of 0.1 M for 35 cycles and 0.5 M for 15 cycles, respectively. The

voltage curves are shown in Fig. S3a and b in the ESI.† Longer

cycling performance (100 cycles) is shown in Fig. S3c.† The PTIO

ow cells obtained an area-specic resistivity (ASR) of 18.3 U

cm2 at 0.1 M PTIO and 21.2 U cm2 at 0.5 M PTIO. The ow cells

at both PTIO concentrations were able to operate at a high

cycling current density of 20 mA cm�2 compared with other

nonaqueous RFB reports. At 0.1 M PTIO, the ow cell achieved

an average CE of�96% and VE of 75%, yielding an EE of�72%.

At 0.5 M, the cell efficiencies were generally lower, with CE of

�90%, VE of 67%, and EE of 60%. The ow cell with 0.5 M PTIO

demonstrated an initial energy density of 9 Wh L�1 during

charge and of 5 Wh L�1 during discharge, which correspond to

77% and 43% of the theoretical value (11.6 Wh L�1), respec-

tively. The CE decreased at 0.5 M PTIO because of increased

crossover during longer charge/discharge times. The increase in

electrolyte viscosity at higher PTIO concentration led to lower

ionic conductivity and greater transport loss, which caused the

increase in ASR and decrease in VE. Nevertheless, such redox

material concentrations, rate performance, and cell efficiencies

demonstrated in the PTIO ow cells are signicantly higher

than those in other reported nonaqueous RFBs which operated

typically near 0.1 M concentrations, with current densities less

than 0.5 mA cm�2, and/or EEs no higher than 60%.13,17,55,56

As shown in Fig. 3, the PTIO ow cells exhibited continuous

capacity loss during cycling. Understanding the capacity decay

mechanism would be a key rst step towards improving

capacity retention. The exact mechanism is still under investi-

gation, but is speculated to be closely associated with either

electrolyte imbalance,57,58 or chemical instability of charged

species,16,59 or both. Further study will conrm which factors

dominate. If the former is the dominant factor, electrolyte

remixing maintenance or hydraulic pressure regulation across

the porous separator can be carried out to recover the capacity,

similar to the strategy adopted in separator-based vanadium

ow batteries.60–62 But if the latter is the dominant factor,

molecular engineering and electrolyte optimization become

necessary to improve the chemical stability of the charged redox

species, as demonstrated in other systems.16,63 In addition, this

result suggests that the CV performance does not always predict

the ow cell performance because of the signicantly different

features in ow cells such as porous electrodes, owing elec-

trolytes, longer time scale, larger amount of electroactive

materials involved, crossover transport of charge carriers and

redox materials, etc.

It is noteworthy that the tested PTIO concentrations have not

yet reached the solubility limit (�2.6 M) in the ow cell. Cell

demonstration at PTIO concentrations higher than 0.5 M is

quite challenging. First, the redox material crossover across the

porous separator would lead to low CE at high PTIO concen-

trations. Second, the high electrolyte viscosity and resistance

would result in low VE. These two drawbacks are the major

limiting factors for cycling the PTIO ow cell at >0.5 M

concentrations. Solving these limitations to fully demonstrate

the promise of this new PTIO battery chemistry indeed relies on

development of high-performance membranes,64,65 enhance-

ment of rheological and electrical properties of high concen-

tration electrolytes,66,67 and improvement of cell designs.68

These are among the most urgent research needs for

nonaqueous ow batteries.

SOC diagnostics using FTIR

Many spectroscopic techniques can offer structural information

for redox molecules because of their characteristic interactions

with functional groups present in these redox molecules. There

are several critical requirements for a suitable SOC diagnostic

tool. First, the technique should differentiate among the PTIO,

the solvent (MeCN), and the salt (TBAPF6). Second, the tech-

nique should distinguish among the three redox states of PTIO.

Third, the technique must display spectral features that can be

quantitatively related to the PTIO concentration. Fourth, during

charge/discharge, the TBAPF6 salt concentration continuously

swings at both sides of the ow cell because of transfer of the

TBA+ and PF6
� ions for charge balance, but such changes must

not generate interfering, non-negligible spectral uctuations at

the spectral positions of interest. We successfully demonstrate

Fig. 3 Cycling efficiencies and capacities of the PTIO flow cells using

a supporting electrolyte of 1.0 M TBAPF6/MeCN at a current density of

20 mA cm�2: (a) 0.1 M PTIO; and (b) 0.5 M PTIO.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 5448–5456 | 5451
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that FTIR could fulll these requirements and therefore was

chosen for this study. ESR was used as a secondary diagnostic

method to cross-validate the results obtained from FTIR.

Fig. S4a† and 4a show the full-range and expanded view

(1400–1000 cm�1) of the FTIR spectra of the PTIO electrolyte

systems: the MeCN solvent, 1.0 M TBAPF6/MeCN, and 0.5 M

PTIO in 1.0 M TBAPF6/MeCN, respectively. Only in expanded

wavelength range did PTIO exhibit characteristic transmittance

peaks, i.e., 1314 cm�1 and 1218 cm�1, that could be completely

isolated from the background peaks of 1.0 M TBAPF6/MeCN.

These two peaks belong to PTIO according to the Spectral

Database for Organic Compounds (SDBS) of National Institute

of Advanced Industrial Science and Technology (AIST, Japan).69

The other two peaks at 1169 cm�1 and 1135 cm�1 also belong to

PTIO, but are overlapped with peaks associated with TBAPF6 at

1171 cm�1 and 1152 cm�1. When charged in a ow cell, the

catholyte side contained the PTIO+ and unreacted PTIO while

the anolyte side contained the PTIO� and unreacted PTIO. To

determine whether FTIR can distinguish the three PTIO species,

solutions of 0.5 M PTIO+ and PTIO� in the same 1.0 M TBAPF6/

MeCN electrolyte were electrochemically prepared in a ow cell

and then were subjected to FTIR analysis. Fig. S4b† and 4b show

the full range and expanded view of their FTIR spectra. Due to

an inability to charge the cell completely to 100%, a small

amount of residual PTIO remained unreacted in both the ano-

lyte and catholyte. Note that, when PTIO was converted to

PTIO+, the peak at 1218 cm�1 almost disappeared and

a completely new peak emerged at 1192 cm�1. Considering the

structural change from PTIO to PTIO+ in Scheme 1, the peak at

1218 cm�1 could probably be assigned to the N–Oc bond and the

new peak at 1192 cm�1 to the +N]O bond. The peak at 1314

cm�1 also considerably reduced its intensity, but its identity is

difficult to assign. On the other hand, when PTIO was converted

to PTIO�, the transmittance became lower as a whole in the

Fig. 4 FTIR of the PTIO species in the TBAPF6/MeCN electrolyte systems: (a) expanded spectral view for MeCN, 1.0 M TBAPF6/MeCN, and 0.5 M

PTIO in 1.0 M TBAPF6/MeCN; (b) expanded spectral view of 0.5 M PTIO, PTIO+, and PTIO�; (c) expanded spectral view of PTIO in 1.0 M TBAPF6
with [PTIO] ranging from 0.05 M to 0.5 M; (d) derived linear �log(T) vs. [PTIO] calibration curve based on the peak at 1218 cm�1.
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range of 1400–1000 cm�1 and most peaks became indistin-

guishable. But a completely new peak appeared at 2126 cm�1,

presumably associated with the N–O� bond (Fig. S4b†).

For a ow cell employing an electrolyte of 0.5 M PTIO in 1.0

M TBAPF6/MeCN, the [PTIO] swings maximally between 0–0.5 M

at both the anolyte and catholyte sides during cell charge/

discharge. In the meanwhile, the concentration of the TBAPF6
salt also varies approximately between 0.5–1.0 M. To determine

how much the change of the TBAPF6 concentration affects the

FTIR background, the FTIR spectra of the supporting electro-

lytes containing 0.5 M and 1.0 M TBAPF6 in MeCN are shown in

Fig. S5 in the ESI.† At the four spectral positions of interest, i.e.

1218 (PTIO), 1314 (PTIO), 1192 (PTIO+) and 2126 (PTIO�) cm�1,

the TBAPF6 exhibited a negligible drop (<2.5%) in its trans-

mittance when its concentration changed from 0.5 M to 1.0 M.

Thus, the spectrum of 1.0 M TBAPF6/MeCN was used as

a universal background in ensuing SOC determination. More-

over, Fig. 4c displays the FTIR spectra of a series of PTIO elec-

trolytes with the [PTIO] ranging from 0.05 M to 0.5 M in 0.05 M

increments in 1.0 M TBAPF6/MeCN. Clearly, the intensities of

both 1314 and 1218 cm�1 peaks are directly correlated with the

[PTIO].

By now, we have demonstrated that FTIR satises the above-

stated requirements for a suitable SOC diagnostic technique.

FTIR distinguishes among PTIO's three redox states, has

negligible interference from the supporting electrolyte, and

displays [PTIO] dependence. We used the 1218 cm�1 peak for

SOC determination because of its well-dened peak margins

and belonging to the original PTIO. According to the Beer–

Lambert law, the logarithm of the FTIR transmittance (T) is

proportional to the [PTIO]. Shown in Fig. 4d, a linear�log(T) vs.

[PTIO] calibration curve was achieved through tting the

transmittance data obtained in Fig. 3c, which follows eqn (1):

�log(T) ¼ 1.11[PTIO] + 0.156 (1)

Based on the equation derivation in Scheme S1 in the ESI,†

the Y-axis intercept (0.156) reects the background trans-

mittance (T0) at the position of 1218 cm�1: �log(T0) ¼ 0.156.

Thus, T0 was calculated as 0.698 from the calibration curve, in

near-perfect agreement with the value recorded on the FTIR

spectrum (0.697). This indicates the high reliability of this

calibration curve.

The catholyte side was selected to demonstrate FTIR in

determining the ow cell's SOC because of the conspicuous

Fig. 5 SOC determination by FTIR and cross-validation with ESR: (a) charging voltage curve of the flow cell showing the sample extraction

intervals; (b) expanded FTIR spectra and (c) ESR spectra of samples #0–4 extracted from the catholyte side; (d) determined [PTIO] and calculated

SOC of samples #0–4. Note that only the 1218 cm�1 peak in FTIR spectra was employed for SOC diagnostics.

This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 5448–5456 | 5453
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spectral change at the N–Oc bond (1218 cm�1). The ow cell

using an initial electrolyte solution of 0.5 M PTIO in 1.0 M

TBAPF6/MeCN was galvanostatically charged at 10 mA cm�2.

Small aliquots of the electrolytes were extracted from both the

catholyte and anolyte sides to maintain electrolyte balance at

a time interval of �18 minutes, which corresponded to

a capacity of �15 mA h, as indicated by the small bumps on the

voltage curve in Fig. 5a. The samples, labeled as #0–4, were

analyzed by both FTIR and ESR (Fig. 5b and c). (The FTIR

spectra of the samples from the anolyte side are shown in

Fig. S6.†) As the charging proceeded, PTIO was gradually con-

verted to PTIO+ at the catholyte side, with the ESR-active N–Oc

radical transformed to the ESR-inactive +N]O cation. Accord-

ingly, the FTIR peaks at 1314, 1218 and 1168 cm�1 gradually

decreased while the 1192 cm�1 peak intensity increased, in

good agreement with the projection shown in Fig. 4b. In the

meanwhile, the ESR peak intensity decreased from sample #0 to

#4 as the remaining [PTIO] decreased during the charging

process. The FTIR transmittance at 1218 cm�1 of each sample

was collected, from which each [PTIO] was calculated from the

calibration curve. Using the original 0.5 M PTIO as the baseline,

ESR was employed to measure the [PTIO] in these samples by

the integrals of their ESR spectra.

The SOC of the 0.5 M PTIO ow cell is dened as the

percentage of the concentration of converted PTIO (i.e., [PTIO+])

to the concentration of overall PTIO species ([PTIO] + [PTIO+] ¼

the very original PTIO concentration, i.e. 0.5 M). Aer the [PTIO]

in each sample was determined through FTIR or ESR, the SOC

was then calculated according to eqn (2):

SOC ¼
½PTIOþ�

½PTIO� þ ½PTIOþ�
� 100% ¼

0:5� ½PTIO�

0:5
� 100% (2)

Fig. 5d shows the respective [PTIO] determined from FTIR

and ESR and the calculated SOC of these samples. Based on

FTIR, the [PTIO] in the #0–4 samples were 0.50 M, 0.44 M, 0.36

M, 0.25 M, and 0.15 M, corresponding to SOCs of 0%, 12%,

29%, 50%, and 70%, respectively. The results obtained from

ESR closely agreed, albeit with slightly lower [PTIO] and higher

SOC. The agreement between FTIR and ESR demonstrates the

high feasibility of using either technique to non-invasively

detect the SOC of the PTIO ow cell.

The results from the FTIR-based ex situ SOC diagnostics are

encouraging, which can guide ensuing efforts of in situ and in

operando studies in ow batteries, especially in scale-up battery

stacks. FTIR has a number of attractive advantages such as

ready accessibility, fast response, low cost, small space

requirement, and being highly facile for online incorporation.

In these regards, FTIR greatly exceeds ESR. Because of the

ability to correlate structural information of organic redox

materials, FTIR can be potentially applied to investigate the

molecular evolution during ow battery operation and offer

state of health information, which is a signicant advantage

over other spectrophotoscopic methods such as UV-vis. Fig. 6

shows the schematic of a proposed ow battery device equipped

with online FTIR-based SOC sensors. FTIR cells with inlet and

outlet ports to allow electrolyte ows can be installed on the

ow pipelines. The ow battery and the FTIR measurement are

operated independently. The FTIR data will be collected at

times of need and sent to a computer-based spectral analyzer.

Such a setup allows real-time monitoring of the ow battery

SOCs to ensure that operations are stringently within a safe SOC

range.

Conclusions

We have shown that the organic PTIO compound exhibits

reversible electrochemical disproportionation reactions and

can be used as both anolyte and catholyte materials in

a nonaqueous symmetric ow battery. Utilization of the ambi-

polar PTIO is expected to eliminate irreversible crossover. The

high solubility of PTIO will increase the effective electroactive

material concentration in ow cells. Also, the PTIO ow battery

features a moderate cell voltage of 1.73 V and good cyclability

under both CV and ow cell conditions. In addition, we

demonstrate that FTIR can measure the PTIO concentration

and subsequently the SOC of the PTIO cell, which suggests FTIR

as a viable yet underexplored tool for SOC determination. This

technique could be applied as an online SOC sensor to ensure

safe operation for RFBs using IR-active organic redox materials.

The demonstrated cycling stability and energy density of this

PTIO ow battery should be further improved for practical

scale-up applications. Such improvements are highly depen-

dent on the developmental progress in battery component

materials and designs. For nonaqueous redox ow batteries,

possible solutions include structural tuning of current and new

electroactive materials to increase solubility and stability,

rational engineering of electrolytes to reduce viscosity and ionic

resistivity, development of ion-selective and low-resistance

membranes, and optimization of ow cell architecture to

increase efficiency and utilization.

Fig. 6 A schematic of the proposed flow battery device incorporated

with online FTIR monitoring sensors.
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It should be noted that the suitability of a particular diag-

nostic technique is highly dependent on the molecular struc-

tures of the organic redox materials. The N–Oc bond in PTIO has

a unique response upon IR light irradiation. Functional groups

in other organics may respond better to different analytical

techniques. The evaluation criteria similar to those stated in

this work must be satised for a suitable SOC monitoring

technique. With more ow battery demonstration systems

installed nowadays,70 we hope our work in SOC diagnostics can

trigger more attention to the area of safety and reliability,

especially during long-term operations, in the ow battery

community.
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