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Experimental section

Materials: Zinc oxide, potassium hydroxide, sodium hydroxide and sodium
Hexacyanoferrate (II) were purchased from Aladdin (China). Bismuth oxide (Bi,053)
was purchased from Xindun-Alloy Co., Ltd. (China). Carbon felt (CF) was purchased
from Liaoyang J-Carbon Materials Co., Ltd. (China) and used as received. All

electrolytes were prepared with deionized water.

Materials Characterization: The microstructure and elemental distribution of Zn, Bi
and Bi,0; deposits were characterized by field emission scanning electron microscope
(SEM, JEOL-7001F) equipped with an energy-dispersive X-ray spectroscopy (EDS).
The X-ray diffraction (XRD) patterns of deposits were tested using an X-ray
diffractometer (Rigaku SmartLab 9kW). X-ray photoelectron spectroscopy (XPS)
spectra were collected on the Thermo Scientific K-Alpha equipment. The contents of
Zn and Bi elements in the electrolyte were analyzed by inductively coupled plasma

mass spectrometry (Agilent 720ES).

Zn//Bi,O; Coin Battery: For the cathode, Bi,0; powder, active carbon and PVDF
binder were mixed in N-Methyl-2-pyrrolidone (NMP) solvent with a mass ratio of
8:1:1.! The mixture was grounded in a mortar for at least 30 mins to form a paste and
then coated the paste onto a piece of carbon cloth paper. The cathode electrode was
finally obtained after drying at 60 °C. The effective mass loading of the Bi,O; cathode
was consistent. Zn//Bi,03 batteries were assembled in CR2032-type coin cells in an air
atmosphere, ~75 pL electrolyte, using zinc foil (50 um) as anode and glass fiber filter
(Whatman, GF/C) as the separator. The battery performance was performed by a LAND
battery charge/discharge system of CT3001A series (China).

Full Battery Performance: The alkaline zinc-iron flow battery (AZIFB) was
assembled by sandwiching a membrane between two CF electrodes clamped by two
graphite plates. The active area of the electrode is 2x2 ¢cm?. The polybenzimidazole
(PBI) membrane was used to separate the catholyte and anolyte.> The anolyte contains

0.3 mol L™! Zn(OH),>" and 3.2 mol L™! OH™ or 0.5 mol L™! Zn(OH),* and 3 mol L™!



OH". The catholyte contains 0.6 mol L™! Fe(CN)s* and 3 mol L' OH". The different
concentration electrolytes were used to flow pass the batteries. The batteries were
operated at a constant current density and the charge process was controlled by the
capacity of anolyte. According to the volume of added anolyte, the capacity released
when the anolyte utilization rate (AUR) is 100% can be calculated. Considering the
influence of side reactions, etc., the charging process was controlled by a capacity of
99% anolyte utilization rate or a protecting cutoff voltage. The discharge process was
ended with a cutoff voltage of 0.1 V. The utilization rate of catholyte is 50%. For the
flow batteries with Bi,0O3, an excess of Bi,0O; was added to the anolyte tank, with the
initial addition amount being 1 g. To optimize dead zinc recovery, the added Bi,O; was
spread flat on the bottom of the tank. When the taupe Bi product is observed spreading
over the yellow Bi,03, the mixture of Bi and Bi,O3 should be stirred to ensure that the
dead zinc is in contact with the Bi,0;. During long-cycle battery testing, when a
significant amount of taupe product is observed at the bottom of the tank, 1 g of fresh
Bi,0; should be added to the tank to maintain a stable supply of Bi,0;. All the battery

performance tests were conducted by CT3001A, LAND Battery Testing System.

Zn//CF flow battery: Similar to full battery assembling, the Zn//CF flow cell was
assembled by using Zn plate (2 cmx2 cmx*0.05 cm) attached CF (2 cm*2 cmx0.42 cm)
as cathode, CF (2 cmx2 cm*0.5 cm) as anode. The electrolytes flowing past the positive
and negative electrodes of the battery were identical, containing 0.3 mol L™! Zn(OH),>~
and 3.2 mol L' OH". And the PBI membrane was used to separate the catholyte and
anolyte. The test was carried out by plating a given amount of Zn metal onto the CF

substrate, followed by stripping Zn metal from the CF substrate with a cut-off voltage.

Ab-initio Calculations: The absorption energy (E,) was carried out by Vienna Ab-initio
Simulation Package (VASP)3, within the framework of density functional theory
(DFT). Electronic exchange and correlation energies were treated at the level of
generalized gradient approximation (GGA)* with the Perdew, Burke, and Ernzerhof
(PBE) functional.’ The core electrons were treated with the projector-augmented wave

(PAW)® method. Vander Waals interaction was taken into account at DFT-D37 8 with
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Becke-Jonson (BJ)? damping level. The plane wave cutoff was set to 500 eV. A 15 A-
width vacuum was added along the vertical direction normal to the surfaces. The
Brillouin zone integration was carried out with 3x3x1 Gamma point. The convergence
thresholds for energy were set as 107> eV during ion relaxation, and the convergence
thresholds for force were set as 0.02 eV A~!. The absorption energy can be obtained by
the following equation,

Ey = Ezn-substrate ~ Ezn — Esubstrate

where Ez, substrates Ezn, aNd Egpsiate T€present the energies of the Zn adsorbed metal

surface, Zn atom, and the clean metal surface, respectively.

Comsol Multiphysics Simulation: A two-dimensional stationary model was
constructed to simulate the ion distribution for AZIFBs with and without Bi,O5. The
model was built by employing Darcy’s Law and the tertiary current distribution
physical field and solved by the commercial package COMSOL Multiphysics®. The
simulation considered the coupling effect of electric, concentration, and velocity fields.
The computational domain included positive and negative electrodes and membranes.
The area of the electrode is 2x2 cm?, the thickness is 5 mm, and the membrane thickness
is 900 um. The positive and negative electrodes were both porous CF with a porosity
of 90%. The electrode boundary condition was set to velocity inlet, and the inflow
velocity in the normal direction was set to 2 mm/s. The electrode outlet boundary
condition was set to pressure outlet and set to atmospheric pressure. The diffusion
coefficient of different ions is shown in Supplementary Table 3. The solver was
PARDISO, and the relative error tolerance was set to 0.001. The simulation employs
the galvanostatic method with a current density of 80 mA c¢cm™2, which is consistent
with the experimental conditions. The Zn(OH),>™ ion concentrations at the beginning
of the 100th charge were calculated to be 0.3 mol L' and 0.147 mol L! for the batteries
with and without Bi,03, respectively, based on the charge capacity values in Figure 4a.
The initial concentrations of Fe(CN)*~ in AZIFBs were all 0.6 mol L™!. The electronic
conductivity is 0.8x10% S/m and 1.5x10° S/m for the cases with and without Bi,O3,

respectively.!?



Supplementary Figures

a b

25- 1.95 ®

2
— 0.3 M Zn(OH), g ,,'
= 204 o 1.90 '
o ’
= s .
215 2 1.85 P
w - -’
2 = e
@ o ¥
S0 = 1.80 -9
2 Q- .@
9 c ,.
Q g ’,
& 5- o175 .-
@
0 1.70

10 20 30 40 50 60 70 80 90 100 10 20 30 40 50 60 70 80 90 100
Electrolyte utilization rate (%) Electrolyte utilization rate (%)

Figure S1. (a) Energy density and (b) the corresponding open-circuit voltage of AZIFB
at a Zn(OH)4>~ concentration of 0.3 mol L™! at different electrolyte utilization rates.
As the electrolyte utilization rates increases from 10 to approximately 100%, the
energy density and open-circuit voltage (OCV) increase monotonically. High OCV in
combination with operating current density is expected to afford the battery with a high

power density.



Figure S2. Digital photograph of Bi,0; powder before and after being immersed in the

alkaline electrolyte for 30 days.
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Figure S3. XRD pattern of Bi,0O; before and after soaking in electrolyte for 30 days.
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Figure S4. Galvanostatic discharge profiles at 10, 20, and 40 A g! in a Zn//Bi,0; coin

battery.
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Figure S5. XRD pattern of the cathode of Zn//Bi,0j5 battery after discharge.



Add Zn foil

Figure S6. Digital photograph of Bi,05 in the electrolyte before and after adding zinc
foil.
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Figure S7. Digital photograph of zinc foil before and after touching Bi,O; in the

electrolyte.



Figure S8. Digital photographs of the Zn//CF flow cell without Bi,0O3 in operation
during the (a) 1st and (b) 120th charge at 80 mA cm2. The utilization rates of anolyte
and catholyte were 99% and ~50%, respectively. These unevenly deposited zinc
dendrites can lose contact with the electrode and turn into dead zinc. The zinc that falls
off from the CF electrode flows with the electrolyte to the storage tank. Since the
density of zinc (7.14 g-cm™3) is much greater than the density of the electrolyte (~1.16
g-cm™3 for 0.3 mol L™! Zn(OH),> and 3.2 mol L™! OH"), dead zinc will settle at the

bottom of the tank and completely lose the chance to contact the electrode.

Figure S9. Digital photographs of the anolyte at an anodic tank before and after 120

cycles at 80 mA cm2 under an areal capacity of 23.8 mAh cm 2.
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Figure S10. Galvanostatic charging—discharging profiles at the 1st and 5th cycles of

Zn//CF flow cells (a) with and (b) without Bi,O; at 80 mA cm™2. The inset shows

corresponding detailed voltage profiles at the 1st cycle of Zn//CF flow cell with and

without Bi,O3; marked by red rectangles.
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Figure S11. Regeneration amount of dead zinc in Zn//CF flow cell with Bi,03

during battery operation.
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Figure S12. Various potential differences of Zn(OH),>/Zn, Bi,03/Bi and
Fe(CN)g*/Fe(CN)g*~ redox couples.

a b 2.1
2.04--- —
Il
i 1.8
1541 |!
- tf[1 — 10th — 80th — 400th )
2. /B 5 1.5-
oy i &
8 1.09, ! 8
S H L 2 1.2-
0.5
0.9
0.0 . . , . . . .
0 10 20 30 40 0 1 2
Areal capacity (mAh cm?) Areal capacity (mAh cm2)

Figure S13. (a) Galvanostatic charging—discharging profiles at the 10th, 80th, and
400th cycles of an AZIFB with Bi,O; and (b) the corresponding detailed voltage

profiles marked by red rectangles.
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Figure S14. (a) XRD pattern of the anodic carbon felt charged to 1.6 V for the 75th
cycle of AZIFB with Bi,0;. (b) Partially magnified XRD pattern of the anodic

carbon felt.
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Figure S15. XPS spectra of the charged anodic carbon felt taken from AZIFB with and

without Bi,Os.

12



2.1
N—
2.0 71.5mV
\
=3
% o I e 5.4 mV
4 100 mA cm?
1.8+ — With Bi,O,
~— Without Bi,O,
1.7 ; ; .
0 2 4 6 8

Areal capacity (mAh cm™?)
Figure S16. Polarization curves of Zn deposition of AZIFBs with and without Bi,05 at

100 mA cm™2.

Figure S17. A schematic illustration of Zn plating on Bi@Zn interface.
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Figure S18. (a) XRD patterns of the Zn deposit at the 30th end of charging of the

AZIFBs with and without Bi,O;. (b) XRD patterns of the Zn deposit at the 75th and

120th end of charging for the AZIFBs with Bi,0;.

Figure S19. Digital photograph of AZIFB with Bi,0s.
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Figure S20. Voltage profiles at the 10th, 80th, and 100th cycles of AZIFB without Bi,0;
at 80 mA cm2.
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Figure S21. Voltage profiles of AZIFBs (a) with and (b) without Bi,O; at current

densities ranging from 40 to 120 mA cm™2.
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Figure S22. Discharge capacity, discharge energy and discharge median voltage of an

AZIFB with Bi,O3 at a Zn(OH)4>~ concentration of 0.5 mol L™! at 80 mA cm™2.
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Figure S23. (a) Voltage profiles at the 5th, 100th, and 250th cycles of an AZIFB with
Bi,0; at a Zn(OH)4>~ concentration of 0.5 mol L™!. (b) Detailed voltage profiles at the

beginning of charging.
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Figure S24. Cycling performance of AZIFBs with and without Bi,O; at 160 mA cm™2.
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Figure S25. Long-term performance of an AZIFB without Bi,O; at a Zn(OH)4>~

concentration of 0.5 mol L™! at 80 mA cm™2
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Figure S26. (a) Digital photograph of the mixture of Bi,O; and Bi immersed in the
electrolyte when Bi,03 was converted to Bi at 50%, 70%, 80%, and 90%, respectively.
The mixture was obtained by adding different amounts of Bi,O; and Bi to the
electrolyte and stirring, assuming that the initial amount of Bi,03 added is 5g. Digital
photographs of zinc foil (b) before and (c) after being placed in the above mixture, and
taken out after 15 s.

When 50%, 70% and 80% of the Bi,O5; were converted to Bi, there is a noticeable
taupe Bi product formed on the surface of the zinc foil upon immersion in the above-
mentioned mixture, consistent with the phenomenon when fresh Bi,0j5 is used (Figure
S6). When the conversion rate of Bi,O; rises to 90%, the taupe product on the surface
of the zinc foil decreases, indicating that the insufficient Bi,O; content affects the
reaction rate with zinc. Therefore, during long-term battery operation, Bi,O; can be
used at a conversion rate of approximately 80%, which still has a good effect on

regenerating dead zinc.
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Figure S27. Schematic diagram of a storage tank with stirring and Bi,0; addition

functions.

Supplementary Tab. 1. The bulk price of chemicals.? !

Chemical Molecular weight (g mol ™) Price (US$ kg™!)
Zn0O 81.39 1.3
NaOH 40.00 0.34
NaCl 58.44 0.13 [a]
Bi1,0; 465.96 10 [b]
Bi 208.98 35 el

[a] The cost information is shown in Ref. 17.
[b] The cost information is shown in Ref. 18.
[c] The cost information is shown in Ref. 19.

Supplementary Tab. 2. The anolyte cost for AZIFBs.

Anolyte Anolyte Energy Anolyte cost (US$ Source
composition utilization density KWh™)
0.5M Zn(OH),>~ 5
+4M NaOH 53.1 40.00 5.70
0.4M Na,Zn(OH), .
+3M NaOH 74.6 30.71 4.10
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0.4M Zn(OH),2>"

13
+3M NaOH 708 26.78 4.96
0.4M Zn(OH),2" -
+3M OH- 70.0 23.87 5.63
0.5M Zn(OH) 2" )
AN N2OH 67.4 31.45 5.07
0.3M Na,Zn(OH),
+2.4M NaOH+0.5M 70.0 25.00 436 16
NaCl
0.5M Zn(OH)2"
+3M OH- 99.0 44.75 2.42
Cost of Bi,O3: 5.28 In this
Value of recycled work
Bi: 16.57

Income of Bi; 11.29

Supplementary Tab. 3. The diffusion coefficient of different ions.?°

Tons Value (cm?/s)
Zn(OH),> 1.2x10°6

OH" 5.3x1073

K* 1.9x107°
Fe(CN)+ 7.8x10°6
Fe(CN) 8.2x10°6
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