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Experimental section

Materials

Potassium hydroxide (KOH, 99%, VRM) was used for electrolyte preparation. Carbopol©

(Carbopol© 940 NF polymer, Lubrizol, USA) was used as a gelling agent to stabilize the suspension.

Zinc oxide (Zn0O, 99%, Sigma-Aldrich) and alloyed zinc powder (EverZinc, Belgium) were used for

anolyte preparation, where Zn served as the conductive additive. Nickel hydroxide (Ni(OH),, 98%, Pred

Materials, USA and Kansai Catalyst Co. Ltd., Japan) and acetylene black (AB, Chevron, USA) were

used for catholyte preparation, where AB served as the conductive additive. Cobalt oxide (CoO,

99.995%, Fisher Scientific) was also used to further enhance the conductivity of Ni(OH), as suggested

by Leger et al. [1].

Anolyte preparation

30 w% KOH solution was prepared by dissolving 5.36 g of KOH pellets in 12.5 ml deionized

water. Then, 0.57 g of ZnO was added to the above solution and stirred using a magnetic stirrer for 5

hours to be dissolved as zincate ions. After that, 0.18 g of Carbopol© was added to the above solution

and mixed with a planetary mixer (Thinky AR-100, Japan). The electrolyte gel was kept at rest for 12

hours to allow swelling of Carbopol© microgels. The electrolyte gel was then remixed before adding

ZnO at amounts as described in Table 1 and mixed again after. Finally, Zn was added to the suspension

and mixed at 2000 rpm for 6 minutes. All other mixing was performed at 2000 rpm and 12 minutes

unless stated otherwise.



Catholyte preparation

30 w% KOH solution (7 M KOH solution) was prepared by dissolving 5.36 g of KOH pellets in
12.5 ml deionized water. Then, 0.18 g of Carbopol© was added to the above solution and mixed with a
planetary mixer (Thinky AR-100, Japan). The electrolyte gel was kept at rest for 12 hours to allow
swelling of Carbopol© microgels. The electrolyte gel was then remixed before adding AB at amounts
as described in Table S3 & S4 and mixed again after. For the preparation of active suspension, Ni(OH),
+ CoO (100/5 by weight) powder mixture was ground with AB prior to adding to the electrolyte gel at

Ni(OH), amounts described in Table S4. All mixing was performed at 2000 rpm for 12 minutes.

Table S1. Zn conductive suspension compositions

30 w% KOH solution Carbopol 940 Zn particles
with 0.5 M ZnO (vol%) (vol%) (vol%)
94.7 1.1 4.2
934 1.1 5.5
91.9 1.1 7.0
90.3 1.0 8.7
88.5 1.0 10.5
84.1 1.0 15.0
76.1 0.9 23.1




Table S2. ZnO/Zn semi-solid electrode compositions

30 w% KOH solution Carbopol 940 Zn particles ZnO
with 0.5 M ZnO (vol%) (vol%) (vol%)
(vol%)
76.1 0.9 23.1 -
75.1 0.9 22.9 1.1
73.5 0.9 22.5 3.2
72.0 0.8 22.0 52
69.8 0.8 21.3 8.1

Table S3. Acetylene black (AB) conductive suspension compositions

30 w% KOH solution Carbopol 940 AB
(vol%) (vol%) (vol%)
98.3 0.9 0.8
97.4 0.9 1.7
96.6 0.9 2.5
95.7 0.9 3.4
94.8 0.9 4.3
93.9 0.9 52
934 0.9 5.7
93.0 0.9 6.2
92.5 0.9 6.7




Table S4. Ni(OH),/AB semi-solid electrodes compositions

30 w% KOH Carbopol 940 AB Ni(OH),
solution (vol%) (vol%) (vol%) (vol%)

92.4 0.9 6.1 0.7

91.4 0.8 6.1 1.7

89.7 0.8 59 3.5

85.9 0.8 5.7 7.6

83.7 0.8 5.5 10.0

81.3 0.7 5.4 12.5

Rheological property characterization

Rheological measurements of the suspensions were performed on an AR-G2 controlled stresss
rheometer (TA Instruments) using a 40 mm plate-plate geometry. To prevent wall slip, the plates were
covered with adhesive-backed lapping film containing 30 um diamond abrasive for Ni(OH),/AB
suspension and adhesive-backed sandpaper with 100 um silicon carbide abrasive for the ZnO/Zn
suspension. The abrasive particle sizes were chosen to match the average size of the Ni(OH), and Zn
particles respectively. A gap of 1200 um was used for all measurements unless stated otherwise.
Decreasing step shear-rate-controlled viscometry was performed to measure the flow curve. For AB,
ZnO/Zn, Ni(OH),/AB suspensions, each shear rate was held constant for 30 s before measuring the
stress. The same procedure was repeated three times with fresh samples to obtain the average stress at

a given shear rate.



Zn-Ni semi-solid static and flow cells

A closed static cell was designed to test the intrinsic electrochemical performance of the
suspensions in static mode. A milled bipolar graphite well (Fuel Cell Store, USA) serves as a catholyte
current collector and a brass plate (McMaster-Carr, USA) as an anolyte current collector. The catholyte
and anolyte were separated by a piece of Celgard© 3501 separator. The cell was sealed with a natural
rubber O-ring to prevent evaporation of electrolyte. The schematic of the static cell is shown in
Figure 4a. The dimensions of a single electrode well are ® 1.2 cm x H 0.2 cm. The dimensions of the
fully assembled cell are ¢ 5.8 cm x H 2.8 c¢m, including current collector, spacer, separator and

stainless steel case.

The flow cell was used to test the applicability of the suspensions for flow battery. The same
current collectors as were used for the closed-cell tests were employed. The flow cell spacer was 3-D
printed using FormLabs© Clear resin. The catholyte and anolyte were separated by a piece of Celgard©
3501 separator. The schematic and photograph of the flow cell is shown in Figure 5a and b. The
dimensions of a single channel (L x W x H) are 4 x 0.3 x 0.3 cm’. The dimensions of the fully
assembled cell (L x W x H) are 8.75 x 3.75 x 2 cm?, including current collector, spacer, separator
and acrylic cover. Suspensions were pumped into the flow cell using a syringe pump at 0.2 ml/min.
Galvanostatic charge-discharge was performed in static mode. The capacities of excess ZnO/Zn

anolytes used in the static and flow cells was >2 times higher than these of Ni(OH), catholytes.



Electrochemical characterization

The cyclic voltammetry (CV) measurements were conducted through a three-electrode system with
30 w% KOH electrolyte. The reference electrode was Hg/HgO and the counter electrode was made of
Ni foam. The preparation of Zn/ZnO working electrode is described as following: 0.7 g ZnO, 0.05 g
Bi,03, 0.1 g AB, 0.05 g alloyed Zn particles, and 0.1 g polyvinylidene fluoride binder (PVDF, Kynar
HSV 900, Arkema, France) were ground for 30 min. Then, 1.5 ml of N-Methyl-2-pyrrolidone (NMP)
was added to the above mixture and stirred using a magnetic stirrer for 12 h. Thereafter, the paste was
painted on the Ni foam electrode and dried at 110 °C under vacuum for 5 h. The preparation of Ni(OH),
working electrode is described as following: 0.6 g of Ni(OH),, 0.25 g of AB, and 0.15 g of PVDF were
ground for 30 min. After that, 2.0 ml of NMP was added to the above mixture and stirred for 12 h. Then,
the paste was painted on the Ni foam and dried at 110 °C under vacuum for 5 h. The working electrodes

(1 x 2 cm?) were compressed under 5 tons of static pressure for 30 s prior to use.

The conductivity of the suspensions was measured using home-made conductivity cells. The
suspensions were filled in rubber gasket between two blocking electrodes. Impervious graphite plates
(Fuel Cell Store, USA) and brass plates (McMaster, USA) were used as electrodes for catholytes and
anolytes, respectively. The geometrical area was 0.79 cm? and thickness of the gasket was 0.17 cm. The
resistance, R of the suspension was determined by Linear Sweep Voltammetry (LSV). Conductivity

was then calculated using the following equation.

o ZE(L) (1)
e~ R\A

where ¢ is the thickness of the gasket and A4,,, is the geometrical area of the cell.



The galvanostatic charge-discharge measurements and electrochemical impedance spectroscopy
(EIS) were conducted using static cells and flow cells. For galvanostatic charge-discharge tests, an
initial activation process was applied'. The Zn-Ni static cells were charged and discharged in the
activation cycle (one cycle) with a current density of 1 mA/cm?,,, and the charging capacity was set as
120% SOC based on Ni(OH), and the discharge cut-off voltage is 0.8 V. After this activation process,
the Zn-Ni cells were tested based on different current densities and different SOCs. The galvanostatic
current densities were varied from 1 to 50 mA/cm,,”. Charge capacity was limited from 40 to 100 %
status of charge (SOC) based on 1 electron transfer of Ni(OH),. The weight of the suspension was
measured before cell assembly. EIS measurements were performed for frequencies 0.01 Hz to 1 MHz

and a voltage amplitude of 10 mV.

Materials characterization

Ni(OH), particles were collected for X-ray diffraction (XRD, Bruker) and scanning electronic
microscopy (SEM, Zeiss Merlin) for detection of phases and morphologies, before and after
galvanostatic cycling. The semi-solid electrode was washed by DI water 3 times, collected through

centrifugation and dried in a vacuum oven at 70 °C overnight before above measurements.

Ex-situ L-edge X-ray absorption near-edge structure (XANES) measurements were performed at
the Canadian Light Source (CLS). The Ni L3/2 edge XANES were obtained at the undulator-based
Spherical Grating Monochromator (SGM) beamline. The powders were fixed with carbon adhesive tape

on the aluminium substrate. The Ni(OH), samples were chosen under the different status of charge after



washing and drying as described above. 10 scans of Ni L-edge XANES for each sample were collected

and averaged. The step size of the XANES measurement is 0.1 eV.

Micro X-ray computed tomography measurements

X-ray Computed tomography (CT) scans were performed utilizing a Nikon XTH 225 ST system
at Exponent’s Natick, MA facility. X-rays were generated in a microfocus tube and data was collected
utilizing a Perkin Elmer 1621 EHS Detector. For the Ni(OH), particles, X-rays were generated at a
voltage of 150 kV and a current of 0.040 mA, with no filter being applied. Data was collected ata 1.415
s exposure. The scan was reconstructed with a beam hardening parameter of 1 utilizing Nikon’s
XTEKCT software, resulting in a voxel size of approximately 4 microns. For the Zn-ZnO anolyte, X-
rays were generated at a voltage of 200 kV and a current of 0.048 mA, with no filter being applied. Data
was collected at a 1.000 s exposure. The scan was reconstructed with a beam hardening parameter of 1

utilizing Nikon’s XTEKCT software, resulting in a voxel size of approximately 7 microns.

Selection of polymer additive to improve stability of the semi-solid electrode

Hydrophobic functional groups on the carbon black surface typically prevent stable dispersion of
carbon black aggregates in an aqueous solvent. As demonstrated by Parant et al.?, polysaccharide-based
polymers (e.g. gum Arabic) are usually added to stabilize dispersions of acetylene black inks.
Adsorption of the polymer chains on the carbon black surface alters the surface charge of the carbon
black enabling stable dispersion of the fractal carbon aggregates in aqueous solvents. However, such a

technique did not work in alkaline solutions as the polysaccharides undergo hydrolysis in a concentrated
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alkaline environment.3 Obvious discoloration of xanthan gum solution from clear to brown solution was
observed when dispersed in 7M KOH. Therefore, we utilized an alkaline-stable polymer-based microgel
(Carbopol©) to “trap” (stably suspend) both acetylene black and Ni(OH), particles in the catholyte
slurries, and both Zn and ZnO particles in the anolyte slurries. A similar technique has been used to

stabilize the Zn electrode in commercial alkaline primary batteries.*

Estimation of mechanical energy dissipated during pumping
Flow behavior of semi-solid electrode gels can be analyzed simply using the Bingham model for

yield stress fluids. Using the Bingham constitutive equation, the gel behaves like a rigid solid below the

T<T T>T

yield stress ( ¥) and flows like a Newtonian liquid above the yield stress ( ¥). The energy loss

(&pump) due to pumping for channel flow of Bingham model-fluid can be simplified using Equation 1

and 2°

X 100%
density (1)

gpump (%) =

AP ~ @L - —ZTy Poutput (L)
()

where M is the number of parallel channels, L H and W are the length, thickness and width of the

channels, respectively. Here E density is the energy density of the suspension (in Wh/m?moryte), p output
is the required power output (in W) and P gensity is the power density obtainable from the stack
performance (in W/m?). For this analysis, the channel dimensions were assumed to be similar to
conventional flow battery stack: the channel width W was set to 30 cm, the number of parallel channels

N was set at 30 to obtain similar voltages (~30 to 40 V) as a typical stack. Furthermore, for the SSFB
10



design calculation, the thickness was set at 2 mm, and the electrode was assumed to flow through the
channel only once.’>7 This flow is also assumed to be continuous at a very low flow rate (high Bingham
number, Bn)’ such that the electrochemical performance is identical to static cell performance. The
length of a flow channel was chosen such that the stack power output Poutput meets the 1 kW

requirement. The energy density E gensity of the flowable electrode was set at a nominal value of 100

Wh/Laholyte (100,000 Wh/ mPcao1ee). Although the literature compared in Figure 1 (main text) has varied
energy density values from about 45 Wh/L,gotyte t0 200 Wh/Laolyee, the nominal value selected here is

appropriate to give an approximate order of magnitude of energy dissipated during pumping. The power

density Pgensity is the product of average discharge voltage (V) and maximum current density (W/m?y,)

reported.
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Additional experimental results
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Figure S1. (a) CV curves of ZnO and Ni(OH), in 30 w% KOH electrolyte. The working electrode is

ZnO or Ni(OH), on Ni foam. The reference electrode is Hg/HgO (4.4 M NaOH solution). The counter

electrode is Ni foam. The scan rates are | mV/s for ZnO and 0.1 mV/s for Ni(OH), (b) The schematic

structure of Zn-Ni semi-solid flow battery, containing two energy storage tanks, a cell stack separated

by a porous membrane, and active semi-solid electrolytes. The redox potential of Hg/HgO is 0.098 V

vs SHE.
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Figure S2. SEM images of Zn (a), AB (b), ZnO (c), and Ni(OH), (d) used for suspension preparation.
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Figure S3. Phase separation of catholyte can be prevented by dispersing Carbopol© microgel polymer
within the electrolyte. The Carbopol© microgel particles form an independent stress-bearing network?®

to prevent solid particle sedimentation whilst at the same time preventing irreversible aggregation of

the attractive carbon black dispersion®.
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Figure S4. The charge/discharge profiles of Zn-Ni semi-solid cells are affected by AB concentration
(2.5, and 5.2 vol%) in Ni(OH), catholyte. Zn-Ni semi-solid static cells contain ZnO/Zn anolyte (3.2
vol% of ZnO and 22.5 vol% of Zn), and different catholytes containing 0.7 vol% Ni(OH), and two

different concentrations of AB indicated above.
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Figure S5. The charge-discharge tests of Zn-Ni semi-solid static cells with 3.2 vol% of ZnO anolyte
and 0.7 vol% of Ni(OH), catholyte with different concentrations of AB. The applied current is 2
mA/cm?,, and the operating voltage range is from 0.8 to 2.1 V. The AB volume fractions are 4.3 vol%
(a), 5.2 vol% (b), 5.7 vol% (c), and 6.2 vol% (d), respectively. Each battery was tested for 15 cycles.
The charge capacity is limited to 80% SOC (231 mAh/gyiony.) of catholyte. All above charge/discharge
curves were collected after one activation cycle with 120% SOC as described in the experimental

section.
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Figure S6. The evolution of impedance with cycling number for Zn-Ni semi-solid cells (with the
charge-discharge curves shown in Figure S4a and S4d ) containing 3.2 vol% of ZnO anolyte and 0.7
vol% Ni(OH), catholyte with, respectively 4.3% (a and b) and 6.2 vol% (c and d) of acetylene black

(AB) added. Data within the grey rectangles marked on the left are enlarged and shown on the right.
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Note: OCYV is the abbreviation of open circuit voltage.
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Figure S7. The charge-discharge profiles of Zn-Ni semi-solid static cells with anolyte of 5.2 vol% of
ZnO and different catholytes containing 5.4-6.1 vol% AB and various volume percentages of Ni(OH)2
(0.7, 1.7, 3.5, 7.6, and 12.5 vol%). The applied current was 2 mA/cm?,,, and the charge capacity was
set as 60% SOC based on catholyte. All above charge/discharge curves were collected after one

activation cycle with 120% SOC as described in the experimental section.
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Figure S8. CV curve of Ni(OH), in 30 w% KOH electrolyte after activation process'’. The working
electrode is Ni(OH), on Ni foam. The reference electrode is Hg/HgO (4.4 M NaOH solution). The

counter electrode is Ni foam. The scan rate is 0.1 mV/s. The operating potential range is from 0.2 to

0.54 V vs. Hg/HgO.
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Figure S9. The rate capability of the semi-solid static cell with 12.5 vol% of Ni(OH), + 5.4 vol% AB
catholyte and 5.2 vol% ZnO + 22.0 vol% Zn anolyte. The charge capacity was set as 40% SOC based
on catholyte (116 mAh/gy;ony) With current densities of 2, 10, 20, 30, 40, 50 mA/cm,,>. All above
charge/discharge curves were collected after one activation cycle with 120% SOC as described in the

experimental section.
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Figure S10. The high-power density achieved in semi-solid static cells with 5.2 vol% ZnO + 22.0 vol%
Zn anolyte and 7.6 vol% of Ni(OH), + 5.7 vol% of AB catholyte. The charge current density is 50
mA/cm? and discharge current densities are 50, 80, 100 and 120 mA/cm?. The charge capacity was set
as 40% SOCyiony. The operating voltage window is from 2.1 to 0.8 V. The Cu mesh (100 x 100) was
added in the anode for even distribution of Zn plating during the charging process. All above
charge/discharge curves were collected after one activation cycle with 120% SOC as described in the

experimental section.
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Figure S11. The charge-discharge profiles of Zn-Ni static cell (1%, 3%, 5t 10™, and 30™ cycle in (a)
and 30, 100%, and 180™ cycle in (b)) for cycling stability measurement. The cycling stability
measurement of Zn-Ni semi-solid cell with 0.7 vol% Ni(OH), + 6.1 vol% AB catholyte and 5.2 vol%
ZnO + 22.5 vol% Zn anolyte. The applied current was 1 mA/cm?,,. The charge capacity was limited
60 % SOC. The charge/discharge data was collected after one activation cycle with 120% SOC as

described in the experimental section.
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Figure S12. The Ni(OH), sphere particles from catholyte before (a, b) and after 20 (c, d) 180 charge
and discharge cycles (e, f). The cycling stability measurement of Zn-Ni semi-solid cell with 0.7 vol%
Ni(OH), + 6.1 vol% AB catholyte and 5.2 vol% ZnO + 22.5 vol% Zn anolyte. The applied current was
1 mA/cm?,, . The charge capacity was limited 60 % SOC. The cycling performance is referred to Figure

4f in the main text.
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Figure S13. (a) The charge/discharge profiles of Zn-Ni semi-solid static cell containing catholyte with
3.5 vol% Ni(OH), + 5.9 vol% AB and 5.2 vol% ZnO + 22.0 vol% Zn anolyte. The applied current was
2 mA/cm?,, . The charge capacity was limited to 60 % SOC. The above charge/discharge curves were
collected after one activation cycle with 120% SOC as described in the experimental section. (b) The
XRD patterns of B-Ni(OH),, the powder collected from pristine Ni(OH), catholyte (3.5 vol% Ni(OH),
and 5.9 vol% AB catholyte) and the powder collected from the catholyte after 10 cycles with current
density of 2 mA/cm?, in the discharge state. (c) The sphere morphology of B-Ni(OH), remained
unchanged after 10 cycles (Figure S1la, before cycling) and (d) plate-like particles formed on the

spherical particles.
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Figure S14. The brass current collector from a semi-solid flow battery after 10 charge-discharge cycles

(two batches in Figure 7 in the main text). There are plated Zn particles anchored on the brass surface,

which could potentially cause channel blockage.
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Generalized Newtonian model fitting for experimental flow curve data

In order to calculate the energy loss due to pumping or to model the flow field in the suspension, it is
important to express flow curve data for non-Newtonian suspensions used in this study with generalized
Newtonian fluids using constitutive equations such as the Bingham model and Herschel-Bulkley-
Papanastasiou model. The shear stress for the Bingham model and the Herschel-Bulkley-Papanastasiou

model can be expressed using the following equations!!,

Bingham model =1 tH Pi/
(Bing )

_ _ o, -my 'n
(Herschel-Bulkley-Papanastasiou model; HB-M) r= Ty(l e ) +ky

where 7 is the shear stress, *¥ is the yield stress, #p is the plastic viscosity, ™ is a regularization
parameter, X is the fluid consistency, ™ is the flow index and Y is the shear rate. In the limit ™% and
n—1 the HBM model approaches the similar limit of the Bingham fluid. The primary advantage of
expressing the flow curve in Bingham model is that useful expressions for key design parameters such
as energy loss due to pumping or and the expected velocity field in the flowing suspension can be
determined analytically. Although the Bingham model does not entirely capture other rheological
characteristics of these multiphase complex semi-solid battery slurries such as wall slip or shear-
induced migration, it suffices to provide upper-bound approximate expressions for the desired results.
In order to capture more advanced ‘non-Bingham-like’ behavior, the Herschel-Bulkley-Papanastasiou
model can be used with numerical simulations of the suspension flow. Interested readers are referred to
Dynamics of Polymeric Liquids"' for further information on these models. In the present study, the
Bingham model is fitted to the high shear rate region of each measured flow curve (where slip effects

are minimal) in order to obtain an upper-bound estimate of the suspension yield stress, which is then
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used in analytical calculations of the power required for pumping. Wall slip, and the deviation of the
measured data below the Bingham asymptote (due to true wall slip or to apparent slip arising from
shear-induced migration of suspended particles away from high-shear regions near walls) will only
reduce the needed pumping power. The values of the model parameters for each of the suspensions

tested in this study are given in Table S1-S4.
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Table S5. Fitting parameters for flow curve for 23.1 vol% of Zn suspension (Fig. 3a)

Bingham model

Herschel-Bulkley-
Papanastatiou model

) - 74.8 76.0

Yield stress, “¥ (Pa)
0.164 -

Plastic viscosity, Hp (Pa.s)
Fluid consistency, k (Pa.s") - 0.129
Regularization parameter, M (s) - 3.1
Flow index, M (-) - 1.0
Goodness-of-fit, R? (-) 1.00 1.00

Table S6. Fitting parameters for flow curve for 6.2 vol% of AB (Fig. 3b)

Bingham model
(above Y =451

Herschel-Bulkley-
Papanastatiou model

) - 209 187

Yield stress, “v (Pa)
0.194 -

Plastic viscosity, Hp (Pa.s)
Fluid consistency, k (Pa.s™) - 0.769
Regularization parameter, M(s) - 0.4
Flow index, M (-) - 0.8
Goodness-of-fit, R? (-) 0.96 0.95

Table S7. Fitting parameters for flow curve for 22.0 vol% of Zn and 5.2 vol% of ZnO suspension (Fig.

3a)

Bingham model
(above ¥ =100 s

Herschel-Bulkley-
Papanastatiou model

) - 221 166

Yield stress, “¥ (Pa)
o 0.308 -

Plastic viscosity, Hp (Pa.s)
Fluid consistency, K (Pa.s") - 4.57
Regularization parameter, ™ (s) - 1.7
Flow index, M (-) - 0.6
Goodness-of-fit, R? (-) 0.99 0.99

Table S8. Fitting parameters for flow curve for 5.4 vol% of AB and 12.5 vol% of Ni(OH)2 (Fig. 3b)

Bingham model
(above ¥ =45 sT)

Herschel-Bulkley-
Papanastatiou model

Yield stress, "y (Pa)

203

149
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Plastic viscosity, Hp (Pa.s)

0.163

Fluid consistency, k (Pa.s™) - 3.21
Regularization parameter, ™ (s) - 0.6
Flow index, 7 (-) - 0.6
Goodness-of-fit, R? (-) 0.96 0.96
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