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Materials and experimental details 

Materials. All chemicals were purchased from Sigma-Aldrich and used without further 

purification. DHPS was synthesized using the method reported in literature.1 Nafion 115 and 

Nafion 212 (Dupont) membrane were purchased from Chemours. The carbon felt was 

purchased from Liaoyang Jingu Carbide Co., Ltd or SGL Carbon and used as received.

Electrochemical measurements. Cyclic voltammetric (CV) measurements were carried out 

with an Autolab electrochemical workstation (Metrohm, PGSTAT30) using a three-electrode 

configuration composed of a glassy carbon working electrode, a platinum plate counter 

electrode and an Hg/HgO reference electrode. The glassy carbon working electrode was 

polished with 0.3 and 0.05 μm of alumina slurry for 2 minutes and then sonicated in deionized 

water before every test. To determine the overpotentials of different cell components, 4-

electrode electrochemical characterization was performed, for which 60 mL of 0.6 M Fe(CN)6
3-

/0.05 M Fe(CN)6
4-/1.8 M OH- and 20 mL 3.8 M OH- with/without 7 mM DHPS + 0.1 g zinc 

plate was attached on the carbon felt used as the anode or 30 mL 3.8 M OH- with 20 mM DHPS 

were used as catholyte and the anolyte, respectively. Two Hg/HgO REs were inserted in both 

the positive and negative electrode compartments (see the setup shown in Figure 3c), the active 

area was 5 cm2 and the current density was 30 mA/cm2.

Zinc-based flow cell assembly and test. In zinc-based symmetric flow cell, zinc plate attached 

on carbon felt were used as both cathode and anode. In alkaline zinc-iron flow cell, carbon felt 

was served as cathode; A piece of zinc plate attached on carbon felt was employed as anode. 

Nafion 115 membrane was used to separate the catholyte and anolyte except for the rate tests 

which used Nafion 212 membrane. Viton gasket and PTFE tubing (Cole-Parmer) were 

employed to build the cell. The active area of carbon felt was 13.5 cm2. The membranes were 

soaked in 3.8 M NaOH overnight prior to use. For the first discharge process, the current density 

should precisely be determined by the specific area of zinc metal, while for the subsequent 

cycles the apparent current density should be calculated by the specific area of carbon felt as 

the zinc deposited on the carbon felt. To avoid confusion, we have used the specific area of 

carbon felt (13.5 cm2) to calculate the current density and areal capacity in this work. Zinc metal 

was used as the only zinc source at the anodic side for the discharge process. So, the capacity 

of anode is totally from the zinc metal and the DOD can be calculated based on the discharged 

capacity and theoretical capacity of zinc metal. For zinc-based symmetric flow cell with low 

areal capacity (12.2 mAh/cm2), 20 mL and 60 mL 3.8 M NaOH with/without 20 mM DHPS 

and 0.3 M ZnO/3.8 M NaOH were used as anolyte and catholyte, respectively. 1.65 g of zinc 

was used for cathode and 0.2 g for anode, and the current density was 20 mA/cm2. For zinc-

based symmetric flow cell with high areal capacity (92 mAh/cm2), 60 mL and 120 mL 3.8 M 
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NaOH with 20 mM DHPS and 0.3 M ZnO/3.8 M NaOH were used as anolyte and catholyte, 

respectively. 4.15 g of zinc was used for cathode and 1.5 g for anode, and the current density 

was 50 mA/cm2. For zinc-iron flow battery with areal capacity of 152 mAh/cm2, 110 mL and 

300 mL 3.8 M OH- with 30 mM DHPS and 0.6 M Fe(CN)6
3-/0.05 M Fe(CN)6

4-/1.8 M OH- were 

used as anolyte and catholyte, respectively. 2.5 g of zinc was used for anode, and the current 

density was 50 mA/cm2. For zinc-iron flow battery with areal capacity of 250 mAh/cm2, 150 

mL and 400 mL 3.8 M OH- with 30 mM DHPS and 0.6 M Fe(CN)6
3-/0.05 M Fe(CN)6

4-/1.8 M 

OH- were used as anolyte and catholyte, respectively. 4.10 g of zinc was used for anode, and 

the current density was 80 mA/cm2. For the galvanostatic measurements, the batteries were 

charged to the theoretical capacity of zinc or a cutoff voltage, whichever is reached first, and 

discharged to a cutoff voltage. The galvanostatic measurements were performed with an Arbin 

battery tester.

Characterizations.

In situ UV-Vis spectra of the DHPS-mediated zinc oxidation reactions were collected with a 

SHIMADZU UV-1800 spectrometer (see the setup shown in Figure S6). A custom-designed 

spectroelectrochemical cell with 0.6 mm optical path length was connected to the outlet of the 

reaction tank. The absorbance changes of DHPS were recorded during the reaction process. For 

the chemical reaction test, the supporting electrolyte was 3.8 M NaOH and for the kinetics test, 

the supporting electrolyte was 0.4 M Zn(OH)4
2-/3 M NaOH. 

Operando FTIR measurement was carried out with a PerkinElmer Frontier MIR/FIR system by 

the Attenuated Total Reflection (ATR) model to detect the structural evolution of DHPS during 

different stages (see the setup shown in Figure S8). DHPS flowed through the ATR crystal and 

the FTIR spectra were collected from 1600 to 1000 cm-1 with a resolution of 4 cm-1.

XRD measurements were conducted on a Powder XRD Diffractometer System (Bruker D8 

Advance) and SEM measurements were conducted on Zeiss Supra 40. 

“Dead zinc” calculation.

The quantity/capacity of the “dead zinc” is calculated by the areal capacity difference of DHPS 

between the discharge (second discharge plateau which includes the capacity of DHPS and 

“dead zinc”) and the corresponding charge process (first charge plateau which only includes 

the capacity of DHPS):

𝐶𝑑𝑒𝑎𝑑 𝑧𝑖𝑛𝑐 = 𝐶𝐷𝐻𝑃𝑆 ‒ 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 ‒ 𝐶𝐷𝐻𝑃𝑆 ‒ 𝑐ℎ𝑎𝑟𝑔𝑒
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Table S1. Summary of some reported zinc-based redox flow batteries. 

Duration 
(h)

Areal capacity 
(mAh/cm2)

Current density
(mA/cm2)

Zn/Zn(OH)4
2-/Zn2+ 

utilization (%)
Zn/Br 

Ref. 2 100* 20 40 4.67% 

Ref. 3 50* 20 80 4.67% 

Ref. 4 700* 20 20 4.07% 

Ref. 5 383* 85 20 67.42% 

Ref. 6 100* 10 20 0.52% 

Ref. 7 284* 40 40 6.72% 

Ref. 8 50* 40 160 33.64% 

Ref. 9 2060* 20 100 4.48% 

Ref. 10 560* 40 80 5.60% 

Zn/I 

Ref. 11 1872** 234 10 66.60% 

Ref. 12 >2100 54 80 19.33% 

Zn/Ce

Ref. 13 1203* 240 20 81% 

Ref. 14 75 3.125 25 0.35% 

Zn/Fe (neutral)

Ref. 15 213** 42.5 40 79% 

Zn/Fe (alkaline)

Ref. 16 375** 100 80 35% 

Ref. 17 583 53 80/160 66.4% 

Ref. 18 250 20 80 16.8% 

1200 65 80 68% Ref. 19

500 240 40 56% 

Ref. 20 800 66.7 80 70% 

Ref. 21 >400 160 80 N.A.

Ref. 22 97.5 20 80/160 75%

Ref. 23 >650 40/80 80/160 75%

This work >1500 152 (up to 250) 50 (80 for 250 

mAh/cm2)

97.5%

*Estimated based on the charging capacity with CE=100% and no capacity decay
**Estimated based on the discharge capacity with CE=100% and no capacity decay
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Figure S1. a, Cycling performance of a zinc-based symmetric flow cell with an areal capacity 

of 92 mAh/cm2 at 50 mA/cm2. b, Corresponding photographs of the anolyte at anodic tank 

before and after cycling at 50 mA/cm2. Some silver-grey particles are observed after 101st 

cycling at the discharge state.

Figure S2. The SEM images of (a) the pristine carbon felt electrode and (b) the electrode after 

101st cycling at the discharge state with current density of 50 mA/cm2.
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Figure S3. XRD patterns of pristine carbon felt electrode and the electrode after symmetric 

flow cells testing (stopped at discharge state after 101st cycle) at 50 mA/cm2. The areal capacity 

of zinc in the cells is 92 mAh/cm2.

Figure S4. Photographs of anolytes with silver-grey particles before and after adding 20 mM 

DHPS. 
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Figure S5. SEM images of the electrode after cycling, followed by immersion in anolyte with 

20 mM DHPS for 24 h.

Figure S6. Configuration of the setup for in-situ UV-Vis measurement.
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Figure S7. a, UV-vis spectra of DHPS in 3.8 M NaOH. The UV-vis spectra were recorded by 

using 3.8 M NaOH aqueous solution as the blank, and the optical path length is 1 mm. b, The 

corresponding standard curve obtained at the wavelength of 470 nm. 

Figure S8. Configuration of the setup for operando ATR-FTIR measurement.
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Figure S9. OCP changes of 60 mL DHPS-based solution (1 mM DHPS in 0.4 M ZnO/3.8 M 

NaOH) before and after adding excess zinc powder with the rotating speed of 500/1000/1500 

rpm. The slopes were calculated to be -0.0032, -0.0036 and -0.0055 for 500/1000/1500 rpm, 

respectively. 

Figure S10. CV curves of 50 mM [Zn(OH)4]2-/3.8 M NaOH and 5 mM DHPS/3.8 M NaOH. 

Working electrode: glassy carbon disk; scan rate: 0.05 V/s.
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Figure S11. Four-electrode measurement of the various potential differences of a 

DHPS/[Fe(CN)6]3-/4- flow cell at a current density of 30 mA/cm2. As shown in the figure, the 

ΔV+ and ΔV- between charge and discharge processes are almost negligible and the main 

resistance is from membrane and other series resistance of the device.  

Figure S12. a, Cycling performance from 120 to 175 cycles of two zinc-based symmetric cells 

with a zinc areal capacity of 12.2 mAh/cm2 with/without DHPS in anolyte. The catholyte 

system was replaced at the 140th cycle. b, The voltage curves of the cell at the 5th and 145th 

cycles. The current density was 20 mA/cm2.
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Figure S13. SEM images of the electrode (a) without and (b) with DHPS after 175 cycles (at 

discharge state) at 12.2 mAh/cm2 under 20 mA/cm2.

Figure S14. XRD patterns of carbon felt electrodes after testing for 175 cycles (at discharge 

state) at 20 mA/cm2 without and with DHPS in anolyte. The areal capacity of zinc in the cells 

is 12.2 mAh/cm2.
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Figure S15. Cumulative discharge capacity of a DHPS-mediated zinc symmetric flow battery 

undergone 78 cycles (3rd to 80th cycle) of continuous testing (around 11.89 days) at a current 

density of 50 mA/cm2. The theoretical capacity was calculated based on the 3rd areal discharge 

capacity (0.0912 Ah/cm2) as the first two cycles may have some side reactions as observed in 

Figure 4c. 

Figure S16. SEM images of carbon felt electrode with DHPS in anolyte after 80 cycles (at 

discharge state) at 92 mAh/cm2 under 50 mA/cm2.
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Figure S17. XRD pattern of carbon felt electrode with DHPS in anolyte after 80 cycles (at 

discharge state) at 92 mAh/cm2 under 50 mA/cm2.

Figure S18. a, SEM image of carbon felt electrode from a redox-mediated AZIFB after 248 

cycles (at discharge state) at 152 mAh/cm2 under 50 mA/cm2. b, EDS mapping for C element. 

c, EDX spectrum of carbon felt.
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Figure S19. XRD pattern of carbon felt electrode from a redox-mediated AZIFB after 248 

cycles (at discharge state) at 152 mAh/cm2 under 50 mA/cm2. 

Figure S20. Cycling performance of a AZIFB with 152 mAh/cm2 of zinc loading in the absence 

of DHPS in anolyte. The current density was 50 mA/cm2.
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Figure S21. Voltage profiles of an AZIFB cycled at different current densities. The membrane 

was Nafion 212. 

Table S2. Comparison of redox-mediated AZIFB and other advanced AZIFBs

Redox-mediated AZIFB Advanced AZIFBs19

Depth of discharge/charge Close to 100% 72% 56%

Voltage efficiency 87% 90% 95%

Cycling life (hour) 1500 1200 500

Coulombic efficiency 97.5% 98.0% 93.5%

Areal capacity (mAh/cm2) 152 69 240

Current density (mA/cm2) 50 80 40
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Table S3. Comparison of redox-mediated AZIFB and other advanced aqueous redox-flow 

batteries

Demonstrated 
capacity fading rate

Cell 
voltage 
(V)

Demonstrate
d cycling life 
(hour) %/day %/cycle

References

Acidic systems
VRB 1.26 703* 1.09 0.024 24

Fe/Cr 1.18 46* 0.5 0.16 25

AQDS/Br 0.88 100 0.2 0.08 26

Neutral systems
Sx

2-/Ix
- 1.05 >2088 0.005 0.0004 27

Zn/Mn 1.58 60 0 0 28

AQ-1,8-3E-OH/Fe(CN)6
3-/4- 0.90 432 0.5 0.041 29

BTMAP-Vi/BTMAP-Fc 0.75 398 0.033 0.0011 30

Pyr-TEMPO/[PyrPV]Cl4 1.57 360 3.47 0.05 31

Alkaline systems
DPivOHAQ/Fe(CN)6

3-/4- 0.98 384 0.0018 0.00004 32

ACA/Fe(CN)6
3-/4- 1.13 129* 1.2 0.02 33

PFP/ Fe(CN)6
3-/4- 1.15 1272 0 0 34

Redox-mediated 
Zn/Fe(CN)6

3-/4-
1.73 >1500 0.019 0.0048 This work

*The demonstrated cycling life is estimated using the theoretical/first charge capacity without 

considering capacity decay: demonstrated cycling life = (theoretical/first charge 

capacity)/current*2*cycle number.

16



Figure S22. SEM images of the carbon felt electrode surface after charging to an areal capacity 

of 152 mAh/cm2 at 50 mA/cm2. (a,c) without DHPS and (b,d) with DHPS in anolyte. 
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Figure S23. SEM images of the cross section of the carbon felt electrode after charging to an 

areal capacity of 152 mAh/cm2 at 50 mA/cm2. (a,c) without DHPS and (b,d) with DHPS in 

anolyte.

Figure S24. Cycling performance of an AZIFB with an areal zinc capacity of 200 mAh/cm2 

and 30 mM DHPS in anolyte at 80 mA/cm2.
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Figure S25. Cycling performance of an AZIFB with an areal zinc capacity of 250 mAh/cm2 

and 30 mM DHPS in anolyte at 80 mA/cm2.

Figure S26. Solubility test of ZnO in 3.8 M NaOH. It was tested by dissolving ZnO into 15 mL 

3.8 M NaOH solution until reaching saturated state. The solubility is around 0.5 M.
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Supplementary Note: Analysis of AZIFB with high areal capacity. 

Condition one: with the same power (P) requirement, where the active area (A) is 0.89 m2, the 

current density (j) is 50 mA/cm2 and voltage of single cell (U0) is 1.5 V. Here we take 10 kW 

as an example:

𝑃 = 𝑈 × 𝐼 = 𝑛 × 𝑈0 × 𝑗 × 𝐴 = 𝑛 × 1.5 × 0.05 × 8900 = 10000

The number of single cells (n) is calculated to be 15.

The energy (E) can be calculated based on:

𝐸 = 𝐶 × 𝑈 = 𝑛 × 𝐶𝐴𝑟𝑒𝑎𝑙 × 𝐴 × 𝑛 × 𝑈0 = 152 × 1.5 × 8900 × 𝐶𝐴𝑟𝑒𝑎𝑙

Here  is the areal capacity of a single cell.𝐶𝐴𝑟𝑒𝑎𝑙

For the battery with a low   of 20 mAh/cm2, E was calculated to be around 60 kWh, which 𝐶𝐴𝑟𝑒𝑎𝑙

can continuously work for 6 h. For the battery with a high  of 200 mAh/cm2, E was 𝐶𝐴𝑟𝑒𝑎𝑙

calculated to be around 600 kWh, which can continuously work for around 60 h.

As a result, the high areal capacity is beneficial for the long-duration operation when the power 

requirement is satisfied.

Condition two: with the same energy requirement while the basic power requirement is 

satisfied, where the active area (A) is 0.89 m2, the current density (j) was 50 mA/cm2 and 

voltage of single cell (U0) is 1.5 V. Here we take 600 kWh as an example:

The energy (E) can be calculated based on:

𝐸 = 𝐶 × 𝑈 = 𝑛 × 𝐶𝐴𝑟𝑒𝑎𝑙 × 𝐴 × 𝑛 × 𝑈0 = 𝑛2 × 1.5 × 8900 × 𝐶𝐴𝑟𝑒𝑎𝑙 = 600000

For the battery with a high  of 200 mAh/cm2, the number of single cells (n) is calculated 𝐶𝐴𝑟𝑒𝑎𝑙

to be around 15. For the battery with a low   of 20 mAh/cm2, n is calculated to be around 𝐶𝐴𝑟𝑒𝑎𝑙

47.

As a result, to achieve the same energy density, the number of single cells increases from 15 to 

47 when the areal capacity is reduced from 200 to 20 mAh/cm2. Therefore, when the power 

requirement is satisfied, to achieve the same energy density, the larger areal capacity reduces 

the number of single cells in stack and accordingly lowers the cost considering the stack is one 

of the most expensive components for AZIFB.35
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