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Experimental Section

Materials. Methylene Blue (MB, high purity), 98% H,SO,, and glacial acetic acid
(AA) were from Innochem. PBI-AB25 membrane' were home-made.

Electrochemical measurements. RDE and RRDE voltammetry were conducted using
a Gamry Multichannel System installation (Gamry Interface 1000) and a E7R9 RRDE
rotating ring disk electrode. CV used the glassy carbon electrode as working electrode
(3 mm diameter). Both CV, RDE and RRDE test used Ag/AgCl as reference electrode,
platinum wire as counter electrode and glassy carbon as working electrode. For RRDE
experiments, current was measured in the potential range of 0-0.6 V versus Ag/AgCl at
10 mV s, The rotation rates were 200, 400, 600, 800, 1000, 1200,1400, 1600, 1800,
2000, 2500 rpm. For RDE experiments, current was measured in the potential range of
0-0.6 V versus Ag/AgCl at 10 mV s'!. The rotation rates were 400, 625, 900, 1225,
1600, 2025, 2500 rpm. The diffusion coefficient (D) at different H,SO,4 concentrations
was calculated according to Levich equation: ij;, = 0.62nFAD 3 w!>v-6C, where iy,
is limiting current, n is the number of electrons transferred (n = 2 for MB), F is the
Faraday constant (96485 C mol!), 4 is the surface area of the working electrode (0.2475
cm?), C is molar concentration in 1 x 103 mol cm3, v is the kinetic viscosity in cm? s!
and w is the routing angular velocity in rad s!. The reaction rate constant (k) at
different AA concentrations was calculated at each potential using the Koutecky-

Levich equation:
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The exchange current (iy) can be obtained by fitting iy to the Tafel plot at the
overpotential of zero, from which the &, was determined according to Butler-Volmer
equation: iy=nFACk.

Dynamic viscosity (u=vxp) in mPa-s are 1.86, 2.67, 3.35, 4.45 and 6.28 mPa-s for 0,
0.2, 0.3, 0.4 and 0.6 volume ratio of acetic acid in 3 M H,SO, solution.

Battery performance. 10 units FB stack were assembled with an area of 1000 cm?

commercial carbon felt with compression ratio of 3:2 and polybenzimidazole (PBI) of



AB-25 (scale bar, 25 um) membrane!. The catholyte used the 20 L 0.1 M MB 5.25 M
AA +3 M H;SO4and 0.5 M MB in 7 M AA + 3 M H,SO, electrolytes, respectively.
The single cells used the same ratio. The anolyte is 30 L 1.5 M V (II) (in 3 M H,SOy).
Tanks volumes on both sides are 60 L and they are all direct exposure to air without
nitrogen gas protection. The polarization curve and power densities of the stack were
measured at room temperature at 100% SOC. The current density ranges from 0 mA
cm? to 210 mA cm?, increasing by 5 mA c¢cm? per second.

Pausing cycling test. 0.5 M V-MB cell was run with resting time after complete
discharging for several times. The resting time are 12, 24 and 48 hours, respectively.
Characterizations.

Ex situ NMR. The 1H nuclear magnetic resonance (NMR) of different electrolytes
were conducted on a 400 MHz NMR spectrometer (Bruker AV400).

In situ NMR. The in-situ NMR was measured by a 400MHz NMR spectrometer
(Bruker AVANCE NEO 400M). 0.5 M MB and 1.5 M V (II) were used as anolyte as
catholyte, respectively. At 90 mA (10 mA cm) constant current, the battery first
discharged and then charged, which corresponded to a complete cycle of MB from
oxidation state to reduction state and then to oxidation state.

Ex-situ EPR. The electron paramagnetic resonance (EPR) spectra of electrolytes were
conducted on a Bruker A200 EPR spectrometer.

LC-MS. Decomposition compounds of the MB electrolyte was detected by the liquid
chromatography—mass spectroscopy (LC-MS).

Fourier Transform Infrared Spectroscopy (FT-IR) experiments were carried out on

Nicolet iS50 (Thermo Fisher).
Theoretical calculation.

All calculations were performed using density functional theory (DFT) with Gaussian
162 package. Firstly, the B3LYP? hybrid functional at 6-31G(d) level of basis set
including the atom-pairwise dispersion (DFT-D3) correction* > with Becke-Johnson
(BJ) damping®, was applied for geometry optimization. Then the optimized structures
were checked by vibrational frequency analysis’ at the same calculation level to ensure

the they were on the local minima of potential energy surface. The solvation energy



was obtained by subtracting the energy of vacuum from the energy of liquid phase. The
energy of vacuum (E,4c.m) Was calculated at M05-2X%/6-31G(d) level with DFT-D3
correction. The energy of liquid phase (Esyp) was calculated at M05-2X/6-31G(d) with
implicit universal water solvation model based on solute electron density (SMD)? and
with DFT-D3 correction. A single-point calculation (Ejg,) was carried out at
B3LYP/def2-TZVP!? also including the DFT-D3(BJ) correction. The Gibbs free energy
(G) was calculated,

G=Epigit( Esvp—Evacuum™t1.89%4.184 Kj/mol)+G orreciion

where G yecrion Was the frequency correction which was calculated by the Shermo
2.1.2'! package. The spin density was analyzed by Multiwfn!'? package and drawn by
VMD!3 software. The localized orbital locator (LOL) of the 1 electron was analyzed

and drawn by Multiwfn package.
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Fig. S1 The photo on the left is IMB-4AA eutectic electrolyte
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Fig. S2 DSC curves of pure AA and IMB-4AA eutectic electrolyte

NMR spectra analysis (Fig. 1) revealed that the H signal & assigned to the methyl group
of AA in the IMB-4AA electrolyte shifted from 2.67 ppm to 1.93 ppm, when compared
with the purity AA. While the 12.3 ppm assigned to the OH group disappeared due to
the proton exchange between MB and AA molecule, which has also been observed in
the AA-H,O solution. Meanwhile, all the H signals of MB in IMB-4AA eutectic
electrolyte shifted to upfield when compared with MB in D,0, suggesting the strong
interaction between MB and AA molecules.

It can be found from DSC curves that the freezing point (7;) of IMB-4AA eutectic
electrolyte was significantly reduced from 11.3°C (the purity AA) to -3.8°C, indicating

a strong interaction between AA and MB (Fig. 1b), corresponding to the NMR shifting.
14



Fig. S3 The photos of the two liquids at 0°C.
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Fig.S4 Solubilities of MB molecules in different volume ratios of AA and 3 M H,SO,4
electrolyte.
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Fig. S5 Solubilities of MB molecules in 7 M AA and different sulfuric acid

concentrations electrolytes.

With the presence of 3 M H,SO,, the concentration of MB can be 1.7 M which is nearly
2.4 times more than the electrolyte without H,SO, at the AA-H,0O volume ratio of 0.6.
However, there is optimal range for H,SO, content, and the MB solubility reaches to

the maximum at the H,SO, concentration of around 2.6 M in 7 M AA electrolyte.
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Fig. S6 (a) RRDE curves of 5.25 M AA electrolyte. (b) Solubility and electron transfer number
of MB electrolytes with different AA contents.
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where j; (mA cm) is disk current density, j, (mA cm™) is ring current density, and N, is
collection rate of ring current, respectively.



Fig. S7 the side view of 'TH_ 3D NMR spectrum from 0 to 13 ppm. O presents oxidation
state of MB, that is MBH?*. R presents reduction state, that is HMBH?".
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Fig. S8. A partial enlargement of 'H 3D NMR spectrum from 3.5 to 16 ppm.
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Fig. S9 Ex-situ NMR spectrum of 0.5 M MB at different SOC. The top left corner of
the picture is the partial enlargement from 9.5 to 11.5 ppm. A partial enlargement from
2.8 to 4.0 ppm is shown directly above the image.
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Fig. S10. EPR spectra of a 1| mM and b 5SmM MB catholyte. The spectra were acquired
at 50% SOC in a full cell with 0.1M MB/SWO during the last charge cycle, and were
diluted to 1 mM and 5 mM, respectively.
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Fig. S11. The redox reaction of 2,6-dihydroxyanthraquinone (DHAQ) can form the
radical anion, DHAQ?3 " under basic condition and DHAQ" under acidic condition. a is
structural formula of DHAQ?™". b is structural formula of DHAQ" ¢ is the picture of
DHAQ? under basic condition through n-Localized orbital locator (LOL). d is the
picture of DHAQ® under acidic condition through n-Localized orbital locator (LOL).
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Table. S1. The multicenter bond order distribution of radicals of DHAQ3™*, DHAQ"
and MBH,?>*" are shown in the table. Left, Middle, Right represent benzene rings in
different positions.

The multicenter bond

. Left Middle Right
order distribution
DHAQ?** under basic condition 0.0316 0.0111 0.0316
DHAQ" under acidic condition 0.0426 0.0102 0.0419
MBH,** 0.0363 0.0080 0.0495
Left Middle Right
(o]
0O
“‘ DHAQ?Y under basic condition
o
o
OCH
CH
“‘ DHAQ’ under acidic condition
HO
OH
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Fig. S12. a. The cycling performance of MB-V flow batteries at 60, 80 and 100 current
densities. b Charge-discharge curves of first cycle after cycling pausing every time. ¢
FTIR spectra for MBH?* and HMBH,?* and those after storing for 72 h.
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Fig. S13. 0.5 M MB-V Cell performance at 50 °C.

The operation of MB-V flow battery at 50 °C is stable with almost constant capacity
retention rate.
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Fig. S14. Cells performance of high concentration of MB. a-c Cells cycle performance
of 1 M, 1.3 M and 1.5 M MB, respectively. d Average cell efficiencies at different
concentrations. e charge-discharge curves at different concentrations. f Effect of V
cathode side with or without AA on battery energy efficiency (EE) and voltage
efficiency (VE).
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Fig. S15. Cell voltage-time and current-time curves of 0.1 M MB FBs stack at 80 mA
cm!. a Galvanostatic cutoff voltages between 5 and 13 V before 205% cycle. b
Galvanostatic cutoff voltages between 4 and 13 V cutoff after 205™ cycle.



15 Iy

os5mMMB [ 72

il e e = m ] - 50
A UUUUHUE Y
3 " £
[} - =4
5 6-\ \ \ \ \ \ \ N 5
> [&]
|25

3«

ey e B L Ly L - L | 50
0 : . ; : —hf y ; . ;

00 01 02 03 04 05’7300 301 302 303 304 305

Time (d)

Fig. S16 Cell voltage-time and current-time curves of 0.5 M MB FBs stack for first and
thirtieth days at 50 mA cm.
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Fig. S17. NMR spectra of 0.1 M MB at 100% SOC before and at the end of the stack
cycling.



Fig. S18. Photos of AB25 membranes before (left) and after (right) cycling.
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Fig. S19. CV curves of reduced state before and after storing at 70 °C for 6 days.
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There are distinct three pairs of redox peeks.
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Fig. S21. A total ion chromatogram (TIC) of diluted 50 uM MB stored at 70 °C after 1
week.
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