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Abstract

Among the aqueous redox flow battery systems, redox chemistries using a zinc neg-

ative electrode have a relatively high energy density, but the potential of achieving

high power density and long cycle life is hindered by dendrite growth at the anode.

In this study, a new cell design with a narrow gap between electrode and membrane

was applied in a zinc-iodide flow battery. In this design, some of the electrolyte flows

over the electrode surface, and a fraction of the flow passes through the porous felt

electrode in the direction of current flow. The flow battery was tested under constant
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current density over 40 cycles and the efficiency, discharge energy density and power

density of the battery were significantly improved compared to conventional flow field

designs. The power density obtained in this study is one of the highest power densities

reported for the zinc-iodide battery. The morphology of the zinc deposition was studied

using scanning electron microscopy and optical profilometry. It was found that the flow

through the electrode led to a thinner zinc deposit with lower roughness on the surface

of the electrode, in comparison to the case where there was no flow through the elec-

trode. In addition, inhibition of dendrite formation enabled operation at a higher range

of current density. Ex-situ tomographic measurements were used to image the zinc de-

posited on the surface and inside the porous felt. Volume rendering of graphite felt from

X-ray computed tomography images showed that in the presence of flow through the

electrode, more zinc deposition occurred inside the porous felt, resulting in a compact

and thinner surface deposit, which may enable higher battery capacity and improved

performance.

Key words: Zinc-iodide, Zinc deposition, Flow field design, Flow-by-through, Bat-

tery performance, X-ray computed tomography

Introduction

Redox flow batteries (RFBs) technologies are considered a promising candidate for medium

and large-scale energy storage systems.1,2 Unlike conventional batteries, energy and power

generation can be independently scaled in RFBs.3,4 Several types of flow battery systems

such as vanadium and zinc-based RFBs have been reported and commercialized.5,6

Due to their high reversibility and power output, the vanadium redox flow battery is the

most developed; however, the electrolyte for this system has a high cost. In order to reduce

the cost, active materials such as zinc compounds can be used.7–9 Zinc-based flow batteries

are attractive because they have high aqueous solubility and hence high energy density, as
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well as rapid kinetics.4,5 Unlike other secondary batteries based on metals (eg, Li, and Na),

zinc-based batteries are stable in air, and non-flammable.7,10 Among the aqueous redox

flow batteries, the zinc-iodide flow battery has been reported to have very high discharge

energy density.7 However, aqueous zinc batteries suffer from dendrite formation resulting

in capacity fading and a decreased battery performance. In addition, dendrites can grow

through the membrane causing short circuiting and failure of the battery. They can also

fracture causing capacity fading as the dissolved zinc ion concentration decreases.11,12

A cyclable uniform zinc deposition at high current density is necessary for commercial-

ization of secondary zinc-based batteries.13,14

The equilibrium shape of crystals is controlled by surface energy, g, which is the interfa-

cial excess free energy per unit area of a particle crystal facet.15 Anisotropy in solid-liquid

interfacial energy plays a critical role in dendrite growth and the crystallographic growth

direction of dendrites.16 It has been reported that the presence of surface energy anisotropy

changes morphology in the interfacial dynamics leading to dendritic growth with regular

structure.17,18 Wang et al. found that at high current density a formation of a leaf-like

morphology was obtained which may be due to powerful surface energy anisotropy.19 Re-

cently a new zinc-based system was reported where dendrite formation could be controlled

in a multiphase electrolyte by rational design of electrodeposition conditions.20 Dendrite

formation does not develop until the overpotential reaches a critical value.21 Local current

density, concentration and temperature are important factors in the time required to form

dendrites.21,22 At high cell voltage, experienced during charging, the electrochemical reac-

tion at the negative (zinc) electrode is driven into a mass transport controlled regime and

dendrite growth occurs at a faster rate.21,23 An inhomogeneous electric field and large ionic

concentration gradients (associated with mass transport control) have been reported to be

the main causes of dendrite formation.24,25 Increasing the flow rate increases the rate of

mass transport; hence, increasing mass transport suppresses local zones of high current den-

sities, and decreases zinc ion concentration gradients. This leads to the participation of more
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ions in electrochemical reactions and a more uniform zinc deposition onto the electrode sur-

face.19 Thus, the crystallinity and characteristics of the zinc deposit depend upon the mass

transport conditions and the current density distribution during charging.26,27 Dendrite and

layer-like zinc deposit have been reported for high (30 mA cm–2) and medium (20 mA cm–2)

current density respectively.26 Based on the crystallinity of the zinc deposition, dendritic

deposits formed at high current density have a tree-like (dendritic) morphology, while de-

posits formed at slower rates of deposition have a hexagonal shape.26 Low overpotential (50

mV) resulted in a layer-like growth of zinc deposition, and higher overpotential (100 mV) re-

sulted in nucleation and uniform growth of boulder deposits.28 However, factors that control

the initiation of dendrite formation are not independent. A universal overpotential, current

density, and electrolyte flow rate to prevent dendrite deposition has not been reported.26

Higher zinc concentration, elevated temperature of the electrolyte and high electrolyte

flow rate suppress dendrite formation.29,30 The hydrodynamics of electrolyte and the bat-

tery configuration affect the zinc deposit morphology and dendrite growth direction,10,30,31

dendrite formation is mainly controlled by diffusion limitations.11,26,29–32

Flow field design plays a key role in the performance and power density of the redox flow

battery systems.33 In a zinc-bromine battery system with a "flow-by" (FB) flow field (i.e.

with the electrolyte flowing across the electrode surface, in the gap between the electrode and

membrane), much smaller/smoother surface features have been observed in the zinc deposit

in comparison with non-flow electrolyte systems.13 Parametric studies of zinc deposition on

a porous carbon substrate in the same system showed that with increasing Reynolds number

(up to 500) or current density, the extent of the zinc deposition within the porous electrode

increased.13

The effect of deposition conditions on the morphology of zinc deposition in alkaline media

has also been evaluated by scanning electron microscopy (SEM).26,28 The dendrite growth

and its volume-specific loading in rechargeable zinc-based was recently examined using X-ray

computed tomography (X-ray CT) to study the battery failure mechanism due to dendrite
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formation.21,34

An aqueous zinc-iodide RFB with a high energy density has been reported.7 Zinc-iodide

has a very high solubility in water with a relatively high thermodynamic open-circuit poten-

tial of 1.30 V. The main redox reactions in the zinc-iodide RFBs are shown in equations (1)

and (2) for the positive and negative side of the battery respectively.35

Cathode : I–3 + 2e– $ 3I– E0 = 0.536V vs SHE (1)

Anode : Zn $ Zn2+ + 2e– E0 = –0.763V vs SHE (2)

The influence of flow field design on the morphology of zinc deposition and electrochemical

performance of the zinc-iodide system was investigated. The electrolyte was studied by

Raman spectroscopy to evaluate the battery system reversibility. The deposit morphology

was studied using SEM, optical profilometry and micro X-ray CT to evaluate the influence of

flow field design on the zinc deposition morphology. In addition, the particle size, roughness

of the electrode surface and depth of zinc penetration inside the porous carbon substrate

were explored. Optical profilometry and X-ray CT was used to measure the zinc deposition

quantitatively and qualitatively. A new flow arrangement was used which has not previously

been studied in zinc RFBs, where part (or all) of the flow goes through the electrode to

enhance the mass transfer rate. By enhancing the mass transport rate, this flow arrangement

can enhance the battery power density and cycling stability. A comprehensive study of the

zinc deposit morphology provides insight into the impact of the flow arrangement on the zinc

electrode during battery cycling. Due to dynamic structural change during metal plating

and stripping, the design of the flow field in hybrid flow batteries is more complicated than

for all liquid systems. The influence of flow field design on the performance of hybrid flow
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Graphite felt
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Figure 1: Schematic illustration of the design of the zinc-iodide RFB test cell, showing cross-
sections through the cell. Different electrolyte flow modes were applied, using valves on the
outlet ports, including FB, where the electrolyte flowed across the surface of each electrode,
‘flow-through‘, where all the electrolyte flowed through electrode on each side of the cell
and FBT mode, where some of the electrolyte flowed through the electrode on each side
of the cell. Electrolyte flowing through the electrode exited via a compartment behind the
perforated graphite plate current collector.

batteries has rarely been investigated.36 Recently a Sn-Fe flow battery with relatively stable

performance over 700 cycles was reported.37 The impact of serpentine and interdigitated

flow field designs on Sn-Fe flow battery performance has also been investigated.36 It was

found that the design of the flow field is critical to avoiding blockage of mass/ion transport

pathway and achieve a uniform product distribution in hybrid flow batteries.

The experimental operating conditions aimed to evaluate the battery performance for

three different flow field conditions under the same operating conditions and electrode ma-
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terials. Zinc deposition in the FB flow field design is associated with a relatively low rate of

mass transport to the electrode surface. In this study, a new flow arrangement is considered

by adding a flow-through component to the flow field in both the positive and negative side

of the battery. The combination of FB and flow-through (here called FBT) enables an en-

hanced rate of mass transport rate by adding a velocity component towards the electrode,

and increased utilization of the internal surface area of the electrodes. In addition, only a

part of the flow was directed through the electrodes, so that the pressure drop remains rela-

tively low. It was expected that this flow arrangement would increase the uniformity of the

current distribution, achieve a more compact and uniform zinc-deposit, suppress dendrite

formation and enhance performance by reducing mass transport overpotential and increasing

active area. In addition increased zinc-deposition within the electrode could enable operation

with higher capacity per unit area with a thinner deposit on the electrode surface.

Experimental details

Zinc-polyiodide flow cell

Zinc-iodide (Sigma-Aldrich, 99 wt.%) dissolved in deionized water (18.2 M Wcm resistivity)

was used to prepare the electrolyte system on the positive and negative side. The cell design

is illustrated in Figure 1 by a cross-section through the cell. In addition, cross-section X-X

(location indicated in Figure 1) and the photographs of a zinc-iodide single cell are shown

in Figure S1. The detailed design of the perforated graphite plate is shown in Figure S2. In

each half-cell, a 5 cm2, 2 mm thick graphite felt (Fuel Cell Store, US, CT GF020) was used

as the electrode and a perforated graphite plate as the current collector. A peristaltic pump

(Cole-Parmer, Masterflex Model 07551-30) with high-pressure Neoprene tubing (4.8 mm

inner diameter, Masterflex Norprene, Cole-Parmer) and two glass reservoirs of electrolyte

were connected to the flow cell during the evaluation of battery performance. A volume of

20 mL of electrolyte was pumped to the positive and negative half-cells at a flow rate of 20

7
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ml min–1. The two operating modes, FB, flow through and FBT were obtained by closing

respective valves on the outlet of the cell.

In the flow-through operating mode, valves at the exit at the top of the cell (between

the electrodes) were closed and the electrolyte was forced to flow through the electrodes,

exiting via a compartment behind the graphite plate. In the FB operating mode, valves at

the exit at the top of the cell (between the electrodes) were opened and valves at the exit

from the compartment behind the graphite current plate were closed and electrolyte was

forced through the valves at the top of the cell. In the FBT mode, all valves were opened

so that the electrolyte flow was split between both routes, some flowing through and some

between the electrodes and membrane. The electrode compartments were separated by a

cation exchange Nafion membrane (DuPont, NF 117/H+), and the cell was sealed using

polyvinyl chloride (PVC) gaskets (Mcmaster-Carr, US) compressed by PVDF end-plates.

The gap between each electrode surface and the membrane was 2 mm. The current density

for the long-term charge/discharge characteristics of the zinc-iodide battery in this study is

20 mA cm–2. A fixed time was used for charging; however, if the cell voltage reached a cut-off

of 1.5 V (at a current density of 20 mA cm–2) the charging was terminated early to protect

the electrodes. Discharging was carried out to a lower cut-off cell voltage of 0.5 V.2,38 The

galvanostatic charge/discharge characteristics and electrochemical impedance spectroscopy

(EIS) was performed using a potentiostat (Metrohm Autolab PGSTAT 320N).

Characterization of zinc deposit

The morphology of zinc deposition on the battery electrodes was characterized by SEM.

The SEM used was a quanta FEG 250 FESEM (Thermo Fisher Scientific). It is equipped

with Bruker Esprit X-ray micro-analysistem consisting of a Quantax 5030 energy dispersive

X-ray spectrometer, Bruker SVE signal processing unit, and Esprit version 2.2 software.

All imaging and analysis was performed under high-vacuum conditions with an accelerating

potential ranging from 5 kV to 15 kV.
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A non-contact optical profilometry technique was used with a Zescope optical profilometer

controlled by a Zemetrics Zemaps software (version 1.16.78) to compare the morphology of

the zinc-electrodeposition in the different flow modes and characterize the topography of the

zinc deposition.

A square-shaped sample of ca. 5 mm ⇥ 5 mm was cut from the center of each felt for

X-ray CT analysis and stacked on an SEM stub using Kapton tape to separate each layer

from the one below. X-ray CT imaging was carried out using a Zeiss Xradia Versa 520,

with a 60 kV tube voltage and magnifications of 4 and 20 X with exposure times of 15

and 30 s respectively. No pixel binning was applied resulting in a pixel size of ca. 1.8 and

0.4 µm for the 4 and 20 X scans respectively. The radiographs were reconstructed using a

commercial filtered-back-projection algorithm39 into 3D volumes. This is implemented in

the XMReconstructor software by Carl Zeiss Inc. Image visualization, data segmentation

and analysis were carried out in Thermo Fisher Scientific’s Avizo software and ImageJ. The

20 X scans were segmented with the aid of thresholding tools. The volume renderings were

generated in Avizo from the 2D label fields. The 20 X scans were segmented with the aid

of thresholding tools. The contrast differences between pore, carbon and zinc were used to

assign each pixel to its respective phase. Due to the high attenuation of zinc, it appeared

as bright spots throughout the images, whereas the carbon felts were identified due to their

elongated shapes and darker contours.

Table 1: Zinc-iodide battery charge/discharge performance as a function of cur-

rent density for FB and FBT operating modes.

Current density
mA cm–2

FBa QEb

(%)
FB VEc

(%)
FB EEd

(%)
FBTe QE
(%)

FBT VE
(%)

FBT EE
(%)

10 96.5 83.3 80.3 99.5 90.8 90.3
20 96 72 69.1 99 85.8 84.9
30 95.5 67 63.9 97.8 76 74.3
70 76 50.6 38.5 88 55 48.4
aFB: flow-by; bQE: coulombic efficiency; cVE: voltage efficiency
dEE: coulombic efficiency; eFBT: flow-by-through
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Figure 2: Galvanostatic voltage profile curves of a 5 cm2 flow battery using a 3 M ZnI2
electrolyte (20 mL on each side) under constant current densities in a range of 10, 20, 30,
and 70 mA cm–2, at (a) FB, and (b) FBT mode, and (c) variation of the cell voltage at the
end of charging and the initial discharge with current density. (d) Discharge polarization
curves and corresponding power density curves of a 3 M ZnI2 flow battery at 80% State-of-
charge with Nafion 117.
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Figure 3: (a) Efficiencies during 40 cycles of charge/discharge for ZnI2 RFB with 3 M ZnI2
(20 mL on each side), Nafion 117 membrane, operating at a current density of 20 mA cm–2

with a charge duration of 20,000 s, corresponding to state-of-charge of 25.7% in (a) the
FB and, (b) the FBT mode. (c) Galvanostatic voltage profile for three different cycles of
zinc-iodide battery shown in (a). (d) Galvanostatic voltage profile for three different cycles
of zinc-iodide battery shown in (b).
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(a) (b)

Figure 4: SEM images of the surface [(a) and (b)] of the zinc electrode in the ZnI2 RFB after
charging with an 3 M ZnI2 electrolyte at a current density of 20 mA cm–2, zinc deposition
formed after charging in cycle 40th. The battery was operated in (a) FB and (b) FBT.

Results and discussions

The influence of flow mode on the Zn-I flow battery performance

In both flow modes, the potential losses observed during charge/discharge cycles increased

with current density, as expected. At high current density (i.e. � 30 mA cm–2), the increased

overpotential and surface energy anisotropy is expected to result in mass transport limitation

and dendrite formation.19 The coulombic efficiency (QE), voltage efficiency (VE) and energy

efficiency (EE) of the battery at different current densities are shown in Table 1. In the FBT

mode, significantly lower potential losses (and hence higher VE and EE) were observed,

particularly at the highest current density studied of 70 mA cm–2. At this current density,

in the FBT mode, the coulombic efficiency was 88 % and the discharge capacity was 88 Ah

L–1, significantly higher than the values of 76% and 72 Ah L–1 obtained in FB mode.

The improvement in performance obtained in FBT mode is likely due to a reduction in

the contact resistance, and enhancements in the mass transport rate at both electrodes. The

reduction in contact resistance was confirmed by EIS (Figure S3), which showed a 17% lower

ohmic resistance for the FBT mode compared to FB. The lower ohmic resistance may be due
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to the pressure difference caused by the flow through the felt electrode towards the current

feeder, leading to lower contact resistance. No zinc deposition was observed on the surface

or in the perforations of the graphite plate, confirming that it was acting as a current feeder

and did not participate in the electrochemical reactions.

The increased mass transfer rate is expected to lead to a smaller overpotential on both

sides of the battery and a smoother zinc deposit on the negative electrode.19 As shown

in Figure 2 (a) and (b), in the FBT mode, a lower overpotential and potential loss was

observed at all current densities studied, due to enhanced mass transport. The cell voltage

at the end of charging and initial discharge potential for current densities from 10 to 70 mA

cm–2 are shown in Figure 2 (c). In the FBT design, the convection of electrolyte flowing

through the porous electrode enhances the mass transport rate and effective surface area,

decreasing the overpotential in all cases, leading to improved performance. The enhanced

mass transport obtained in FBT mode can be expected to suppress dendrite formation. A

low charge efficiency (below 90%) was observed at the highest current density of 70 mA cm–2

in both FB and FBT mode this is likely due to mass transport limitations on the iodine side

of the battery, or zinc dendrite detaching from the negative electrode. The higher cell voltage

during charge, could lead to larger overpotentials, dendritic deposition and side reactions.

Similarly, low charge efficiency has been reported for a current density of 80 mA cm–2 for the

zinc-cerium battery.38 In hybrid flow batteries, a reduction in charge efficiency may be due

to crossover, or shedding of dendritic deposits at the negative electrode. Dendrite formation

decreases the utilization of zinc deposited on the electrode during the discharging process,

and hence decreases the charge efficiency.21,40,41 Increasing mass transfer at the membrane

can lead to increased transport of oxidized species from the positive electrolyte, decreasing

the charge efficiency. The addition of a flow component through the felt electrode towards the

current feeder in the FBT mode is expected to enhance the mass transfer rate in the porous

electrode, however it will also lead to a reduction in the flow velocity across the membrane

surface, which may reduce the rate of crossover. In addition, inhibition of dendrite formation
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and formation of a compact and uniform zinc deposition resulted in improvement coulombic

efficiency, cycle life and performance of the battery. This is a consequence of more complete

dissolution of the zinc deposit, maintaining the zinc concentration at a stable level.21,40,41

Polarization studies of the zinc-iodide battery were performed at 80% state-of-charge, as

shown in Figure 2 (d). The battery was able to deliver a maximum power output of 118

mW cm–2 and 104 mW cm–2 in the FBT and FB designs respectively. The power density

of 118 mW cm–2 obtained at 80% SOC is amongst the highest reported for a flow battery

using a ZnI2 electrolyte. Power densities reported for flow batteries using a pure zinc iodide

electrolyte have ranged from 50 mW cm–2,42 to 150 mW cm–2.43 Note that these previous

studies were obtained at 100% SOC compared to only 80% used in this study. As well

as the high power density for a pure ZnI2 electrolyte, Jian et al.43 were able to achieve a

power density of 310 mW cm–2 in a zinc iodide flow battery by adding an NH4Br supporting

electrolyte, which could also be applied with the FBT design. The performance of the Zn-I

battery, as well as the morphology of the zinc deposit were investigated in the two different

flow arrangements: FB and FBT. The variation of the coulombic efficiency, voltage efficiency,

and energy efficiency for 40 cycles of charge/discharge of a Zn-I battery using 3.0 M ZnI2

electrolyte at 20 mA cm–2 is shown in Figure 3 (a) and (b). In the FBT design, a significant

improvement in the performance was obtained. In the FB mode as shown in Figure 3 (c),

the cell voltages at the end-of-charge and beginning-of-discharge were 1.40 V and 1.001 V

respectively, indicating a potential loss of ca. 400 mV. A stable coulombic efficiency of 96

% , voltage efficiency of 72 % and energy efficiency of 69 % were obtained with the FB

operation at 20 mA cm–2. In the FBT design shown in Figure 3 (d), the cell voltages at

the end-of-charge and beginning-of-discharge were 1.31 V and 1.11 V; indicating potential

losses of approximately 200 mV. The average coulombic efficiency, voltage efficiency and

energy efficiency were significantly higher for the FBT operating mode, at 99%, 85.8%, and

85% respectively. During the discharge phase in the FBT design, the discharge capacity was

slightly higher than that in the FB mode consistent with the higher coulombic efficiency.
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The voltage profile for cycle one, ten and forty for both flow field designs are shown in Figure

3 (c) and (d). The voltage profile during charge/discharge cycling of this system was stable

and capacity fading was not observed during 40 cycles of operation at 20 mA cm–2 with a

fixed charging time of 20,000 s, corresponding to a state-of-charge of 27.5%.

Although no previous studies of the FBT mode have been identified in the peer reviewed

literature, a family of patent applications44–47 have reported that use flow arrangement on

the halogen side of zinc-halogen flow batteries, indicating that the approach can enhance

the performance. In the current study, FBT was used on both the zinc and iodide side

of the battery. The enhancement in battery performance observed with FBT mode on the

zinc side alone (i.e. with FB mode on the iodine side), was greater than that observed

with FBT mode on the iodine side alone (see Figure S4). It is thus clear that FBT mode

enhances the performance of both electrodes in the zinc-iodide battery. Having all the flow

going through electrodes (i.e. flow-through operation) on both sides of the battery (or on

the zinc side alone) causes high pressure drop and resulted in capacity fade and limited

cyclability. A comparison of using flow-through with FBT mode on both sides of the cell

is shown in SI Figure S5.48 In this study, the pressure drop and associated pumping loss

of the FBT design was not investigated in detail. Further work will be needed to study

the pressure drop in the FBT design since pumping loss is an important consideration for

flow batteries. However, the additional flow path through the electrode in the FBT mode

will ensure that the pressure drop is lower than that for the FB design. Furthermore, the

changes in the zinc deposit morphology will also likely lead to a lower pressure drop for the

FBT design. Raman spectroscopy analysis of the catholyte after the first and 40th cycles

of charge/discharge is shown in the SI, (Figure S6). The Raman analysis indicates that no

residual of I–3 was evident in the fully discharged catholyte. The Raman results along with

the observed coulombic efficiency shows a high system reversibility. The Raman spectra

of the catholyte is consistent with previous studies.7,49 Charge/discharge cycling was also

performed at a lower current density of 10 mA cm–2 (see Figure S7). The energy efficiency
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was around 90% throughout 40 cycles, and there was negligible capacity decay. Comparing

the efficiency and cyclability obtained in this study to other studies of the zinc-iodide flow

battery, the performance with the FBT operating mode has the highest reported efficiency

and cyclability (see Table S1 in SI). For example Li et al. have reported an energy efficiency

of 76% for a zinc-iodide RFB operating at a current density of 20 mA cm–2,7 with slightly

higher electrolyte concentration of 3.5 M ZnI2. In this study, significantly higher energy

efficiency of 84% at the same current density with a concentration of 3 M ZnI2 (Table 1.)

is reported. The energy density of the system was also compared with other studies.7,42,50

The energy density reported by Li et al. was 125 Wh L–1.7 The energy density for the

charge/discharge studies shown in Figure 3 were relatively low with values of 30.4 Wh L–1

and 27.6 Wh L–1 for FBT and FB modes respectively. However, considering the state-of-

charge used of only 27.5%, the energy density is comparable with that reported by Li et

al. At 100% state-of-charge, the obtained energy density in this study is 112 Wh L–1, the

specific capacity of the zinc-iodide battery in this study at a current density of 20 mA cm–2

and 40 mA cm–2 are shown in Figure S8. Areal capacity is an important parameter for

deposition-based redox flow batteries.51 At 100% state-of-charge and a current density of 20

mA cm–2, an areal capacity of ca. 400 mAh cm–2 was achieved with the both the FBT and

FB designs with electrolyte volumes of 20 ml on each side of the battery. However, further

work is needed to determine the maximum areal capacity that can be achieved with these

designs using larger volumes of electrolyte. Since more zinc is deposited within the depth

of the felt electrode in the FBT mode, it is expected that a higher areal capacity could be

achieved with this flow field design.

Effect of flow mode on the morphology of the zinc deposition

The morphology of the zinc deposit was evaluated by SEM and optical profilometry. Figure

4 shows SEM micrographs of the zinc electrode, after the 40th charging cycle at a current

density of 20 mA cm–2 (i.e. after the cycling shown in Figure 3). The micrograph of the zinc
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deposit in the FB design is shown in Figure 4 (a). The micrograph depicts a fibrous growth

with a rough anisotropic surface indicating higher overpotential during the zinc deposition

during the charging process.17 In the FBT design, a layer-like and compact zinc deposit

was observed at the electrode surface, as shown in Figure 4 (b). The SEM micrographs of

the electrode cross section, along with an EDS line-scan analysis through the depth of the

electrode (Figure S9), illustrate the morphology and distribution of the zinc deposit on the

surface and inside the electrode. A layer of zinc was deposited on the surface of the electrode

close to the membrane (as indicated by white arrows in Figure S9), where the local current

density is higher based on the porous electrode theory developed by Newman.52,53 The EDS

line scan shows that with the FBT design the zinc deposit penetrated further into the felt

electrode, while for the FB design the deposit was confined to a dense layer at the surface

close to the membrane. Zinc deposition was not observed on the graphite felt at the current

collector side (as indicated by purple arrows in Figure S9). Deposition of zinc inside the felt

provides evidence of enhanced mass transport in the FBT mode. In FB mode, there was

no evidence of zinc deposition within the felt, suggesting that the fluid inside the pores was

largely stagnant and deposition was severely limited by mass / ion transport. In contrast in

FBT mode, the component of flow in the direction of the current feeder led to removal of

stagnant fluid in the pores, and zinc deposition within the felt. Modifying the flow field from

FB to FBT increased the convection mass transfer resulting in a thinner, smoother, and

more compact zinc deposition. Since the deposit is more compact, with more zinc deposited

inside the porous electrode in FBT mode, a higher zinc loading (and hence battery capacity)

can be expected before the zinc deposit fills the flow channels. The increased zinc deposit

inside the felt in FBT mode can be attributed to a higher rate of mass transfer inside the

electrode in the FBT mode.

The optical profilometry 3D images of the surface of the zinc-coated electrodes after 40

cycles of charge/discharge are shown in Figure 5. Profilometry scan length was 800 m m.

and the scan was taken at the center of the electrode over an area of 16 mm ⇥ 14 mm.
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(a) (b)

Figure 5: Non contact-mode surface profilometry measurements of zinc deposition formed
galvanostatically over 40 cycles at a current density of 20 mA cm–2, and the solution is 3 M
ZnI2 in (a) FB design, and (b) FBT design.

The surface profilometry indicated that a rougher surface deposit for Zn-I RFB operated

in the FB mode as compared to the FBT mode. The surface roughness Sa (the mean

deviation of the surface height from the mean height) of the electrode surface was 84.6 mm

and 56.4 mm for the FB and FBT modes respectively. The much smoother zinc deposit

morphology observed in the zinc-iodide flow battery should enable a more stable operation

at higher current densities using the FBT flow arrangement.

Based on the images obtained from SEM and OP, roughness and anisotropy of the zinc

deposition in FB design leads to uneven zinc deposition and dendrite formation, but a smooth

and compact deposit was observed with the FBT design, as well as some zinc deposition

within the pores of the felt. This, combined with the higher charge efficiency, confirms that

the FBT cell design mitigates dendrite formation at high state-of-charge and enhances the

capacity and performance of the battery.

X-ray CT analysis

The use of X-ray CT to study electrode materials can provide new insights into processes

occurring during battery cycling.54 With X-ray CT, the thickness and quantity of zinc

deposited inside the felt was analyzed. Figure 6 (a) and (b) show image analysis of the
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carbon and zinc inside the felt under the compact zinc layer. Volume rendering of the

graphite felt and zinc deposition inside the felt with two different flow modes were shown,

and 2D slices of the data are shown in Figures S10 and S11. Around ten times more zinc

was observed inside the porous felt in FBT electrode, as shown in the Table 2. X-ray CT

images of the zinc deposit in the felt cross-section are shown in Figure 6 (c) and (d). The

white region in these images illustrates the zinc layer deposited onto felt. The images show

that most of the zinc was deposited as a layer within the felt, on the side of the felt close to

the membrane. The thickness of the zinc layer in the felt was around 380 mm for FB and 280

mm for FBT operation, respectively. The zinc layer deposited on the felt in the FBT appears

to be thinner and more compact compared with that observed in the FB mode. It was not

possible to image the detailed structure of the zinc layer due to the high attenuation of the

signal by the zinc metal. The noise in the 4 X images was caused by high attenuation of

zinc which absorbs a large part of the X-ray beam. The total percentage of zinc inside the

felt at 35% state-of-charge was 0.39% in the FB design and 2.5% in the FBT design. These

results indicate that with the addition of some flow through the current feeder in FBT mode,

the zinc inside the felt was replenished. This enhanced the mass transport and enabling the

efficient deposition of a compact zinc layer on the felt surface.

Table 2: Quantification of Zinc Deposition Inside the Felt monitored by X-ray CT

Component Volume
percentage-FB
arrangementa

Percentage
of solids

Volume
percentage-FBT
arrangementb

Percentage
of solids

Carbon 7.030 98.92 4.03 89.74
Zinc 0.076 1.08 0.47 10.26
Pore 92.89 - 95.5 -
Total 100 100 100 100.00
a FB: flow-by, b FBT: flow-by-through;

19

Page 19 of 30

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(a) (b)

(c)

200 µm

(d)

Figure 6: Ex-situ X-ray micro tomography of zinc particles inside the felt, Volume rendering
of the graphite felt and zinc deposition inside the felt in the (a) FB design, and (b) FBT
design from the 20 X scans. Zinc layer deposition on the felt surface monitored by ex-
situ X-ray tomography, (c) FB arrangement (d) FBT arrangement from 4 X scans. The
corresponding state-of-charge for both test is 35%.
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Conclusion

In this paper, the application of a novel flow field design on the performance of zinc-iodide

batteries is presented. When compared to a conventional FB mode, significantly higher

charge (99% vs. 96%) and energy (85% vs. 69%) efficiencies were obtained with a FBT

arrangement. In the new flow design, having part of the flow go through the porous electrode

enhanced the effective surface area and decreased the ohmic loss. The FBT design, with a

component of flow in the direction of the current feeder, can prevent the blockage of the mass

/ ion transport pathway and enhance the flow distribution in hybrid flow batteries.36 SEM,

optical profilometry and X-ray CT were conducted to investigate the influence of the flow

mode on the zinc deposit morphology. The FBT mode led to a more compact, smoother zinc

deposition on the negative electrode and eliminated dendrite’s growth at a current density

of 20 mA cm–2. Based on the X-ray CT and SEM characterization, with the FBT mode a

denser zinc layer, and more zinc deposition inside the felt were observed, which may explain

the increased discharge capacity and cycle life of the battery. In addition, in the FBT

operating mode, reduced potential loss and overpotential were observed compared with FB

operation. While the high energy density of the zinc-iodide RFB has been demonstrated,

the current density (and hence power density) are limited during charging due to dendrite

growth limiting cycling. This constraint will limit the application of this technology for

mobile and transport applications, as a large battery size will be required. A Zn-based RFB

using FBT design can achieve a higher current density and suppress zinc dendrite formation

in comparison to conventional flow field designs. Dendrite formation is likely mitigated

by the enhanced mass transport, which could enable operation at higher current densities

without the operational problems that can occur with conventional FB designs.

The maximum discharge power density of 118 mW cm–2 obtained with this new flow field

design is amongst the highest reported for a flow battery using ZnI2 electrolyte.42,43
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