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Abstract 

 
Aqueous redox flow battery systems that use a zinc negative electrode have a rel- 

atively high energy density. However, high current densities can lead to zinc dendrite 
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growth and electrode polarization, which limit the battery’s high power density and cy- 

clability. In this study, a perforated copper foil with a high electrical conductivity was 

used on the negative side, combined with an electrocatalyst on the positive electrode 

in the zinc iodide flow battery. A significant improvement in the energy efficiency (ca. 

10% vs. using graphite felt on both sides) and cycling stability at a high current density 

of 40 mA cm–2 was observed. The long cycling stability with a high areal capacity of 

222 mAh cm–2 is obtained in this study which is the highest reported areal capacity 

for zinc-iodide aqueous flow batteries operating at high current density, in comparison to 

previous studies. Additionally, the use of a perforated copper foil anode in combina- tion 

with a novel flow mode was discovered to achieve consistent cycling at exceedingly 

high current densities greater than 100 mA cm –2.  In-situ and ex-situ characteriza- 

tion techniques, including in-situ atomic force microscopy coupled with in-situ optical 

microscopy and x-ray diffraction, are applied to clarify the relationship between zinc 

deposition morphology on the perforated copper foil and battery performance in two 

different flow field conditions. With a portion of the flow going through the perfora- 

tions, a significantly more uniform and compact zinc deposition was observed compared 

to the case where all of the flow passed over the surface of the electrode. Results from 

modeling and simulation supports the conclusion that the flow of a fraction of elec- trolyte 

through the electrode enhances mass transport, and enabling a more compact deposit. 

Key words: Zinc-iodide battery, Electrode materials, Zinc deposition, High current 

density, Battery performance, Cycling stability, In-situ electrochemical atomic force 

microscopy 

 

Introduction 
 
Aqueous zinc-based flow batteries have the benefits of high theoretical energy density, be- 

ing constructed from environmental friendly, abundant, and low cost active materials, and 

inherent safety.1,2 However, the potential for achieving high power density and long cycle 
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life is hindered by dendrite formation.3 In zinc-based batteries, the properties of zinc metal 

allow for a high theoretical storage capacity, and low electrochemical potential.4,5 The use of 

iodide for the positive electrolyte has the advantage of fast kinetics, high reversibility,2,6,7 and 

high solubility in water (over 8 mole L–1), enabling high theoretical energy density.2,8
 

The highest reported catholyte-based discharge energy density for all aqueous flow batteries 

is 304 Wh L–1, for the zinc iodide flow battery (ZIFB) at a current density of 10 mA cm–2.8 

In addition, the appropriate I–/I– redox potential (0.536 V vs SHE) enables the prevention of 

water splitting.8,9 Furthermore, zinc iodide flow batteries demonstrate high energy density 

by employing an electrolyte system with ambipolar characteristics.2 This attribute indicates 

that the same electrolyte volume system can be used on both sides. Additionally, the elec- 

trolyte system serves as a bifunctional system, where one of the active species functions as 

the charge carrier.2 

The behavior of zinc deposition on the negative electrode has an influence on the battery 

performance, particularly areal capacity, coulombic efficiency, and cycling stability. 10,11 Due 

to high power and capacity limitations in zinc-based batteries, improvement in the zinc anode 

performance are needed to enhance these characteristics.12,13 It is reported that at high current 

densities (>20 mA cm–2), the rapidly decreased ion concentration at the interface aggravates 

the detrimental selective zinc deposition and increases the rate of dendrite growth, leading to a 

decrease in rechargeability and cyclability.4,14,15
 

The Zn negative electrode has shown significant challenges in plating/stripping reac- 

tions.16,17 To prevent dendrite formation at high current densities, a highly conductive elec- 

trode material on the negative side can be used that also achieves a more uniform interfacial 

electric field, as well as increaseed rechargeability and cycling stability of the battery.4,18 

Electrons and ions play a key role in the quality of zinc deposition,4 thus optimizing the com- 

position and interactions of the zinc electrode/electrolyte interface materials is important for 

designing dendrite-free anodes.4 When using the non-conductive materials as coating layers, 

the performance is limited by electron/iontransportation.19 These non-conductive materials 
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can promote side reactions on the Zn electrode, leading to accumulation of zinc deposition 

upon cycling and hence loss of rechargeability and battery failure.19,20 Thus, the structural 

and conductive network of the zinc anode is important to limit the zinc dendrite growth.4 The 

uniform interfacial electric field during zinc deposition, decrease in local current density, and 

specific areal capacity are necessary to optimize and stabilize the zinc deposition.4,19
 

Different types of the electrode such as zinc plate, carbon based material, copper foil, and 

copper foam have been used as the anode in zinc based batteries.13,15,18,21–23 Zinc plate is not 

an appropriate host for zinc deposition because it causes random zinc growth and cracks. 21
 

Due to the lower binding energy between the zinc atom and carbon compared to that between 

the zinc atom and zinc surface, Zn2+ faces challenges in adsorbing onto a carbon surface and 

shows a greater affinity for being plated on the initially nucleated zinc deposits rather 

than on the remaining carbon surface.4,15 The conductive carbon-based protective layer 

causes a uniform current distribution over the electrode surface and dendrite suppression, long 

cycle life, and enhanced areal capacity.13 An epitaxial mechanism of deposition is reported 

for a graphene-based anode in metal-based batteries with high reversibility. 23,24 Tin sulfide 

(SnS) layer was used on the surface of the Zn metal anode in an aqueous zinc metal battery, 

serving as a regulating layer for Zn2+ ions and anions.25 This stable SnS layer enhances the 

hydrophilicity at the interface, mitigates corrosion, and restricts the lateral movement of Zn2+ 

ions on the electrode surface. In order to create efficient aqueous zinc- based batteries and 

supercapacitors, a Bi-based energizer was added directly on the surface of the Zn anode.26 

This energizer not only improved the corrosion resistance of the zinc anode but also created a 

large number of nucleation sites for the deposition and dissolution of Zn. The creation of 

durable quasi-solid zinc metal batteries was reported by Guo et al.27 They formed stable dual 

interphases between the electrolyte and electrode, which enhance the battery’s 

electrochemical stability throughout its cycling process. 

It was found that copper has intrinsic zincophilicity, making it suitable as an electrode 

material in zinc batteries.21 The unique in-situ Cu-Zn solid solution layer on the copper 
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surface enhances the formation of a uniform zinc deposition during the electrochemical re- 

action.21 Recently, the copper foil was used as an effective material to minimize lithium 

dendrite growth in an anode-free lithium metal battery.28 The high electrical conductivity of 

copper foil creates a steady, uniform interfacial electric field during zinc deposition. 4 Us- 

ing a copper foil anode with a flat surface leads to a uniform perpendicular distribution of 

electric field, and thus prevention of the charge accumulation on the anode surface.4 The 

crystal plane of commercial copper foil can be modified to promote the dendrite-free zinc 

deposition.29,30 Also, due to the inherent excellent electrical conductivity and open struc- 

ture of porous 3D copper, the copper foam was used for zinc-ion batteries, and stable cycling 

performance during the plating/stripping processes was observed.18
 

To develop ZnIFBs with high capacity and long cycle life, a high-performance cathode 

material should be applied to match the stable Zn anode.18 In the previous studies, cath- 

ode material such as metal-organic framework (MOF)-modified graphite felt, which involved 

Lewis acid sites as the catalytic sites,31 and encapsulated iodine in the microporous carbon32
 

were used in the positive electrode of ZnIFB contributing solid-liquid conversion reactions, 

but chemical, mechanical and electrochemical stability of these materials needs to be im- 

proved.33 Currently, carbon-based materials are the best known for positive side electrodes 

in the zinc-based flow batteries.1,34  A recent study, using a non-flow setup, has demon- 

strated a zinc-iodine aqueous battery that can operate without an ion exchange membrane, by 

utilizing a functionalized graphene electrode to immobilize the triiodide.35 Nitrogen’s 

electronegativity is believed to induce positively charged kinetic sites that likely enhance 

polyiodide anchoring and kinetics in N-doped reduced graphene oxide electrodes.35 Anchor- 

ing polyiodides within the N-doped cathode with the enhanced adsorption capability can 

inhibit polyiodide shuttling, which leads to long-term stability in zinc-iodine batteries. 

Conducting polymer polyaniline (PANI) is a typical conductive polymer36,37 used as a 

polyiodide binder at the cathode to prevent the loss of charge products.37–40 Poor kinetic 

reversibility of I–/I– on the graphite felt in the ZnIFB resulted in low energy efficiency.31,37,40
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Pyrolized PANI has used as the electrode material for the ZnIFB owing to its rapid redox 

kinetics for improving the stability of ZnI batteries.37,39–41 A pyrolized iron-PANI 

composite has also been demonstrated to deliver enhanced electrochemical performance in 

supercapacitors.36
 

The use of electrolyte additives9,42 such as NH4Br43 and acetonitrile44 in the zinc iodide 

electrolyte, has enhanced the cyclability and areal capacity of the zinc-iodide battery. This is 

due to the prevention of dendrite formation and enhancing the kinetic of I–/I–. 

Polyethylene glycol was added to create an aqueous/organic hybrid electrolyte for the zinc 

metal batteries with V2O5 nH2O cathode. This approach effectively restricts the reac- tivity 

of free water molecules and diminishes the occurrence of adverse side reactions, such 

as cathode dissolution, zinc dendrites, and H2 evolution.45 In an aqueous zinc ion battery, 

a ZnSO4 solution with NaClO4 as the electrolyte prevented side reactions. Simultaneous 

insertion/extraction of Zn2+ and H+ occurred in the NaKVOH cathode, significantly boost- 

ing specific capacity. The added ClO4
– resulted in the formation of Zn4ClO4(OH)7 on the 

cathode and formed a protective layer of Cl– on the anode surface. This stable interface sup- 

pressed Zn dendrite growth and the hydrogen evolution reaction, enabling stable cycling.46 

In our previous study,3 a combination of a more uniform electric field and improved mass 

transport to achieve higher zinc ion concentration at the electrode/electrolyte interface will 

minimize the possibility of dendrite formation.20,47 In this study, an additive-free system is 

considered to focus on two factors (potential distribution and zinc ion concentration). 

To assemble a high-performance zinc-iodide battery at a current density of 40 mA cm–2 

and 55% state of charge (SOC), we applied a perforated copper foil coupled with carbonized 

PANI (C-PANI) coated graphite felt. This assembly of electrodes has shown reduced po- 

larization, stable cycling performance, and stable high values charge efficiencies. Due to 

inherent excellent electrical conductivity, a uniform deposition of Zn metal on the perfo- rated 

copper foil firmly seated over the current collector was observed. With C-PANI-coated 

graphite felt on the positive side of the battery, increased performance was observed, which 
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3 could be due to improved kinetic reversibility of I–/I– and chemical stability of C-PANI in 

the ZnI electrolyte solution.37
 

The mechanisms of electrochemical nucleation and growth of metal deposition in a bat- 

tery device are very complex. Determining the role of the different factors influencing per- 

formance is challenging because the interfacial electrochemistry is coupled with potential 

distribution in the electrode and electrolyte, and the ion transport processes.48 In a recent study 

for the zinc-bromine battery, in-situ electrochemical atomic force microscopy (EC- AFM) 

was conducted; it was shown that the formation of dense blocky Zn is controlled by 

instantaneous nucleation in the concentrated electrolytes. In dilute electrolytes, Zn becomes 

mossy as a result of progressive nucleation. 49 In-situ optical microscopy was conducted in 

previous studies,50,51 and it was reported that the reaction kinetics and dendrite forma- 

tion are affected by geometry and ion concentration of the anode. In our previous study,3 we 

applied optical profilometry and X-ray computed tomography for evaluation of the zinc 

deposition in two different arrangements, but these methods can not efficiently provide the 

structure of deposited zinc. We present a comprehensive experimental study (i.e., in-situ and 

ex-situ analyses) to investigate the morphology of zinc deposition and the performance of the 

battery in two different flow modes. To understand the growth process and morphology of 

Zn deposition on the perforated copper foil, ex-situ and in-situ EC-AFM analyses coupled 

with ex-situ and in-situ optical microscopy were conducted in this study. We present an 

X-ray powder diffraction (XRD) analysis to investigate the dominant plane and uniformity of 

deposited zinc on the perforated copper foil. Scanning electron microscopy (SEM) and energy 

dispersive X-ray microscopy (EDX) analyses are applied to observe the morphology of zinc 

deposition and the structure of C-PANI on the graphite felt. 
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Experimental Details and Methods 

 
Flow battery test cell 

Details of the zinc-polyiodide flow cell design for performance analysis are provided in our 

previous study.3 A photograph of the assembly using a perforated copper foil and graphite 

plate used in the battery is shown in Figure S1. In the test cell, a copper foil and C- 

PANI-coated graphite felt were used as the electrode on the negative and positive sides of the 

battery, respectively, except where indicated. The copper foil (purity: 99%, thickness: 0.004 

inches, McMaster-Carr) was polished with grinding paper (P600) and washed with deionized 

water. Polishing the zinc anode before electrochemical operation will change the initial 

roughness of the Zn electrode surface and provide more nucleation sites and inhibiting 

dendrite formation.51,52 This process can also influence the plating/stripping morphology 

during the cycling process.51
 

Nafion 117 was used as the separator, and 3M ZnI was used as the electrolyte. The 

electrode area of the battery was 5 cm–2. Electrochemical measurements were conducted with 

a Biologic potentiostat with an electrochemical impedance spectroscopy (EIS) module. 

Charge-discharge experiments were performed at constant current densities in the range of 

10-40 mA cm–2. EIS was conducted for a frequency range from 200 kHz to 0.1 Hz. The 

negative electrode was thoroughly rinsed to remove any ZnI2 electrolyte prior to ex-situ 

imaging and characterization. 

 

Characterization of Zinc deposition 

In-situ AFM and Optical Microscopy: The detailed design of the half-cell for in-situ 

optical microscopy and AFM analysis is shown in Figure 1 and Figure S2. In the horizontal 

half-cell design, a perforated copper block with a surface area of 1.7 cm–2 was used as the 

negative electrode (see Figure 1 (a)). The three operating modes, flow-by (FB), flow-through 

(FT), and flow-by-through (FBT), were obtained using the valves on the outlet of the cell. In 
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the FB mode, the valve located at the top exit of the cell was opened while the valve at the 

bottom exit of the test cell was closed. In the FT operating mode, the valve located at the top 

exit of the cell was closed while the valve at the bottom exit was opened. This created a 

flow of electrolyte through the electrode perforations, so the electrolyte was forced to flow 

through the electrode perforations. In the FBT design, all valves in the FBT design were 

opened, dividing the flow of electrolyte between both pathways. The perforated Cu piece was 

polished (circular for 5 min) with grinding papers (BUEHLER silicon carbide) of P2500 and 

P600 and washed with deionized water before being used as the working electrode (See Figure 

1 (b) and Figure S2 (a)). Zn foils (purity: 99%, thickness: 0.5 mm, Sigma-Aldrich) were 

washed with deionized water before using as the counter and reference electrodes (see Figure 

S2 (b)). The electrolyte contained 3 M ZnI2 (ZnI2, 98% Thermo Fisher Scientific) 

in deionized water (PURELAB Option-Q, 18.2 MΩ). Both in-situ optical microscopy and 

EC-AFM experiments were conducted using a Gamry electrochemical workstation (Interface 

1000 Potentiostat) to apply a constant current (10 mA cm–2) to the working electrode. In- situ 

optical microscopy (Keyence Digital Microscope VHX-7000) images were obtained for all FB, 

FT, and FBT configurations after pausing the process at 5 seconds, 15 seconds, and 50 seconds 

of electrodeposition. 3D images were obtained by a depth composition process, which is 

achieved by automatically scanning the optical lens throughout the different focal planes. The 

surface roughness values, the arithmetical mean deviation of the surface height from the 

mean height (Sa) and root mean squared (Sq), were obtained by AFM for the whole area 

of the captured images. In-situ EC–AFM (Bruker Dimension Icon with ScanAsyst) 

experiments were carried out using ScanAsyst tapping mode with a Scout 150 silicon probe 

with a reflective Al coating (Nu Nano., k = 18 N m–1, f0 = 150 kHz). Images were captured 

for FB, FT, and FBT configurations while the electrochemical process was paused at 5 

seconds, 15 seconds, and 50 seconds of plating. All of the results obtained from the AFM 

were analyzed by Gwyddion software. 

Ex-situ AFM and Optical Microscopy: A MFP3D AFM (Asylum Research) was em- 
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Figure 1: Schematic illustration of the in-situ AFM test cell, showing (a) a cross section through, and (b) a 

plan view of the cell. Different electrolyte flow modes were applied using valves in the outlet ports, including 

FB, where electrolytes flowed across the surface of the perforated working electrode, flow-through, where all of 

the electrolytes flowed through the electrode on each side of the cell; and FBT mode where some of the 

electrolytes flowed through the perforated electrode and remainder flowed across the surface. Electrolyte 

flowing through the electrode exited via a manifold under the current feeder below copper foil. 



11  

ployed to perform the AFM measurements in ambient conditions (20-25◦C, relative humidity 

20%). Topography and phase images were obtained using tapping mode with a silicon tip 

(Nanaosensors PPP-NCL). The mapping area was 3 µm × 3 µm, and the scanning velocity 

was 3 µm s–1. For ex-situ optical microscopy, the perforated copper foil was placed directly 

under the 20 × objective of a Leica microscope, followed by image processing to determine 

roughness parameters. 

SEM: A quanta FEG 250 FESEM (Thermo Fisher Scientific) was used to obtain SEM images 

of the electrode. The SEM was equipped with a Bruker Esprit X-ray microanalysis system 

consisting of a Quantax 5030 energy-dispersive X-ray (EDX) spectrometer, Bruker SVE 

signal processing unit, and Esprit version 2.2 software. All imaging and analyses were 

performed under high-vacuum conditions with an accelerating potential ranging from 5 kV to 

15 kV. EDX analysis was performed at different locations to evaluate the uniformity of 

distribution. The SEM-EDX map of carbon and nitrogen of the positive electrode (C-PANI 

coated on graphite felt) is shown in Figure S3 (a-c). EDX spectrum of C-PANI coated on felt 

is shown in Figure S4. N atoms can increase the electrode’s hydrophilicity and the wettability 

of the electrode.53
 

The presence of defects facilitates the diffusion and adsorption of the reactant species. 54 

XRD and Raman analysis: To evaluate the effect of flow field design on initial zinc 

deposition on perforated copper foil, the ex-situ X-ray diffraction (XRD) analysis was used 

to identify the crystallinity of the sample. XRD was carried out via a Rigaku ULTIMA III X-

ray diffractometer. XRD was performed on zinc deposited on copper foil electrode after a 

short-run charging in the flow battery test cell. The samples were scanned (ex-situ) over two 

theta ranges of 10-90 ◦ at the rate of 0.003 deg min–1. The XRD results were analyzed with 

Bruker XRD search and match program EVA. The Raman spectra of C-PANI coated on 

graphite felt were obtained using a WITec alpha 300 R Confocal Raman microscope (WITec 

GmbH, Germany). C-PANI coated on graphite felt characterized by XRD and Raman, 

indicated that the D-to-G band ratio decreases in electrodes coated with C-PANI compared 
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to heated graphite felt, possibly due to the strain induced by PANI on the felt’s structural 

framework (shown in Figure S5). Further discussion of Raman and XRD characterization of 

the C-PANI coated on graphite felt has been included in section 1 of the supplementary 

information. 

Catalyst preparation: To synthesize PANI, 0.2 M aniline hydrochloride was added to a 50 

ml solution of 1.0 M HCl, and in a separate beaker, 0.25 M solution of ammonium persulphate 

was added to 1.0 M HCl. The prepared solutions were kept at room temperature for one hour; 

thereafter, they were mixed and stirred for about an hour and left to polymerize. 

After polymerization, PANI precipitate was collected on a filter (after being washed several 

times with 100 ml of 0.2 M HCl and acetone) and dried at 60 ◦C overnight. Thereafter, 

the slurry was brushed uniformly on the graphite felt, with a loading of 8 mg cm–2, which was 

placed in a tube furnace and heated to 850 ◦C and pyrolyzed for 2 h under an N2 

atmosphere, to obtain a C-PANI modified graphite felt.36 The nitrogen functional groups 

in PANI, can provide more active adsorption sites for the I–/I– leading to facile reaction 

kinetics of I–/I–.37,55 The three different electrode materials used in the ZnIFB experiments, 

i.e., perforated copper foil, graphite felt, and carbonized PANI modified graphite felt, are 

denoted: Cu, GF, and C-PANI-GF, respectively. 

Modeling and assumptions: The simulation of zinc plating and distribution was con- 

ducted in a 2.2 cm × 2.2 cm in a half-cell electrodeposition system (shown in Figure S6). 

A constant zinc ion source was added uniformly in order to simulate the reaction current. 

The study employs several standard equations including conservation of species, velocity and 

pressure fields, Nernst-Planck equation, Faraday’s law, Butler-Volmer equation, and 

electroneutrality equation.56,57 To simulate the FBT flow mode, the perforations were sim- 

ulated as additional outlets through the electrode. A constant velocity was used as the inlet 

boundary condition, while constant pressure was assumed at all outlets. The SI provides 

comprehensive information about the equations and boundary conditions. 

The model is subject to the following simplifying assumptions: 



13  

• Electrochemical kinetics were assumed to be described by the Butler-Volmer equation. 

 
• Electrochemical rate constants were assumed to be approximately constant, i.e. the 

effects of temperature, electrode-fouling, etc. were not included. 

• The effect of adsorption, capacitance, electrodes/endplates resistivity, and shunt cur- 

rents were assumed to be negligible. 

• The current efficiency was assumed to be 100% and side reactions were not considered. 

 
• The flow of electrolyte is assumed to be laminar, and the electrolyte itself is assumed 

to be an incompressible fluid. 

• Dilute solution theory is employed for the electrolyte. 

 
• The battery functions within an isothermal condition. 

 
• In the FBT mode, the flow of electrolyte through the perforated electrode was ap- 

proximated using an outlet region, corresponding to perforation, with a co-located 

continuous surface for the electrode and the outflow boundary. 

 
Results and discussion 

 
Performance analysis 

Performance analysis and charge/discharging voltage profiles of ZnIFB using FB and FBT 

flow modes with graphite felt baseline electrodes are shown in our previous study.3 This study 

investigated the ZnIFB performance using a perforated copper foil negative electrode and C-

PANI modified graphite felt positive electrode using FB and FBT operating modes. The 

impact of the C-PANI modification of the positive electrode on the charge/discharge behavior 

of the ZnIFB (with a perforated copper negative electrode and FBT flow mode) is shown in 

Figure 2 (a) and (b). The modification of the positive electrode with the nitrogen 
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functional groups obtained from pyrolyzed PANI led to a reduction in the overpotentials (and 

thus increased voltage efficiency) at current densities from 20-40 mA cm–2. This is consistent 

with previous studies that have shown the benefit of C-PANI carbon for I–/I– redox system 

due to increased surface area and electrochemical activity of modified electrode.37
 

The cycling stability and performance of the ZnIFB was evaluated at a current density of 

40 mA cm–2 using a C-PANI-coated graphite felt on the positive and graphite felt negative 

electrode. Limited cyclability was observed in this case, with the battery efficiency dropping 

off rapidly after around 40 cycles (shown in Figure 2 (c)). In contrast, with a copper foil 

negative electrode, stable cycling was observed with both FBT and FB operating modes for 

100 cycles (see Figures 2 (d) and S7). These results confirm that the low stability in the 

cycling of the ZnIFB is most likely due to the irreversible zinc plating/stripping process with 

a graphite felt negative electrode. 

For comparison cyclability and performance of ZnIFB with a copper foil on the negative 

side and graphite felt on the positive side were investigated and shown in Figure S8. Around 

5% improvement in the performance compared with the baseline electrodes at a higher current 

density of 40 mA cm–2 was observed. Performance analysis confirms that applying C-PANI, 

on the negative side, has not enhanced the reversibility of zinc plating/stripping 

(See Table 1 and Figure S9). 

The cyclability and performance of the battery at a current density of 40 mA cm–2 

was evaluated with the pair of electrodes of C-PANI-coated graphite felt on the positive 

and perforated copper foil on the negative side. In two different flow field designs, FB and 

FBT, a charge efficiency of ca. 96% and ca. 99% was observed during cycling, respectively. 

The battery was tested over 100 cycles, and stability in cycling was observed. The voltage 

efficiency and charge efficiency of the battery increased ca. 10% compared with the use of a 

graphite felt in both negative and positive electrodes operating in FBT mode. Cycling 

efficiency for FBT and FB modes are shown in Figures 2 (d) and S7. In the FBT mode, lower 

potential loss (and hence higher voltage efficiency and energy efficiency) were observed. 
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In both flow modes, the potential losses observed during charge-discharge cycles increased 

with current density as expected shown in Figure 2 (a) and (b), and our previous study.3 

The summary of performance and cyclability of the battery at a high current density of 40 mA 

cm–2 operating in FBT mode are shown in Table 1. Areal capacity is an important parameter 

to evaluate the volumetric capacity and cycling stability in solid-hybrid RFBs.11
 

In this study, the ZNIFB at high current density has shown a higher areal capacity of 

222 mAh cm–2 with the energy-to-power ratio of 5.6 hours11 and high stability in cycling 

compared with the previous studies on ZnIFB (see Figure 2 (e) and Table S1).2,5,8,9,11,43,44
 

The combination of a perforated copper foil anode and the FBT flow mode was not only 

found to enable amongst the highest areal capacity ever achieved, it was also found to provide 

stable cycling at very high current densities of >100 mA cm–2. Stability was achieved in the 

cycling of the ZnIFB with FBT mode at >140 mA cm–2 using a perforated copper foil on 

the negative side and graphite felt on the positive side. 150 cycles at a current density of 140 

mA cm–2 and 1M ZnI2, with an areal capacity of 46.7 mAh cm–2 is shown in Figure 2 

(f). Also, stable coloumbic and energy efficiencies of ca. 84.5% and ca. 47%, respectively, 

were obtained. In contrast, with graphite felt electrodes operating in FBT mode, poor 

performance was observed at 140 mA cm–2, and the battery could only be cycled for 10 

cycles (shown in Figure S10). The poor cycling performance of graphite felt electrodes at 

high current densities (e.g., 140 mA cm–2) in the ZnIFB can be attributed to several factors. 

At high current densities, the ion concentration at the interface rapidly decreases on the 

graphite felt, which increases the cell voltage, side reactions, and dendrite growth.3 This 

can lead to a decrease in rechargeability and cyclability. In addition, it has been shown that 

at high current density a solid film of iodine can form on the positive electrode leading to 

passivation.44 The graphite felt cathode is not a suitable match for the graphite felt anode 

when used at high current densities in ZnIFB, which can result in limited cycling and a 

significant decrease in capacity. 
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Figure 2: Galvanostatic charge-discharge voltage profile for a ZnIFB using a 3 M ZnI2 electrolyte (20 mL 

on each side) at constant current densities of 20, 30, and 40 mA cm–2, charging to 27.5% SOC (areal capacity 

of 111 mAh cm–2 ), operating in FBT mode with two pairs of electrodes. (a) CU(negative)|GF (positive), 

(b) CU (negative)|PANI (positive). Efficiencies during charge-discharge cycling of a 5 cm2 ZnIFB using 

a 3 M ZnI2 electrolyte (20 mL on each side) using a constant current density of 40 mA cm–2 charged to 

55% SOC on each cycle (areal capacity 222 mAh cm–2), and operating in FBT mode, (c) GF (negative)|C- PANI 

(positive), and (d) CU(negative)|C-PANI(positive). (e) Zinc-iodide batteries analyzed based on areal capacity, 
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current density, and cycle number (color map). (f) Efficiencies during charge-discharge cycling of a ZnIFB 

using a 1 M ZnI2 electrolyte (20 mL on each side) using a constant current density of 140 mA cm–2 and 150 

cycles (areal capacity of 46.7 mAh cm–2), and operating in FBT mode. QE, VE, and EE stands for coloumbic 

efficiency, voltage efficiency and energy efficiency, respectively. 
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Figure 3: In-situ EIS analysis of a 5 cm2 flow battery using a 3 M ZnI2 (20 mL on each side), at 27.5% SOC 

with Nafion 117 under constant current densities in a range of 20, 30, and 40 mA cm–2 at FBT mode with the 
schematic of an equivalent circuit for the EIS of the ZnIFB (a) GF|GF, and (b) CU(negative)|GF(positive). 

 
EIS analysis 

In-situ EIS was carried out using different pairs of electrodes such as graphite felt on the 

positive and negative sides, graphite felt on the positive side and perforated copper foil on the 

negative side (see Figure 3), and carbonized-PANI-coated graphite felt on the positive and 

perforated copper foil on the negative side (see Figure S11) in the ZnIFB setup. The 

measurements were conducted at a range of current densities from 20 to 40 mA cm–2 and a 

SOC of 27.5% while operating in FBT mode. 

The high-frequency intercept of the EIS curve with the real impedance axis indicates the 

ohmic resistance of the cell. Equivalent circuit parameter values are selected based on models 

proposed in previous studies of Zinc iodide batteries.20,37,58 The ohmic and charge transfer 

resistance were evaluated by fitting the EIS data using the equivalent circuit shown in Figure 

3. Rs represents the ionic resistance of the solution and the internal resistance of electrodes. 

Rct1 and Rct2 are attributed to the charge transfer resistance at the electrode-electrolyte 
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interfaces for the anode and cathode.37,58 The values of these parameters obtained are shown 

in Table S2. 
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The charge transfer resistance was observed to decrease with increasing current density in 

a range of 20 to 40 mA cm–2 (see Figure 3), consistent with the previous studies.20,59,60
 

In contrast, the ohmic resistance increased with the current density, possibly due to build 

up/precipitation of I2 on the positive electrode44,61 or due to the presence of a tough zinc 

deposition and prevention of ion diffusion and electron conduction. 14,62 By applying copper 

foil on the negative side and FBT mode of operation, the ohmic and charge transfer resis- 

tances decreased by around 50% compared to a ZnIFB using graphite felt (see Figure 3 (a) 

and (b)) and Table S2. In spite of its much lower surface area, zinc deposition is promoted 

on the copper foil leading to reduced charge transfer resistance, consistent with previous 

studies on other zinc-based batteries.20,60 It has been shown that the CuZn5 forms on the 

surface of the copper foil, facilitating uniform zinc deposition.21
 

 
Table 1: Zinc-Iodide Battery Charge/Discharge Performance at a Current density of 40 mA 

cm–2 as a Function of Electrode Material in FBT Mode. 
 

Combination of electrodes 

(positive and negative) 

Charge 

efficiency (%) 

Voltage 

efficiency (%) 

Energy 

efficiency (%) 

Number of 

cycles 

GF|GF 96.5 69.4 67 <40 

C-PANI(-)|GF 97 70 67.9 <40 

C-PANI|C-PANI 97 72 69.9 <40 

GF(-)|C-PANI 97 73.2 71 <40 

CU(-)|GF 99 72.7 72 100 

CU(-)|C-PANI 99.2 76.07 76 100 

 

 

Analytical and Spectroscopy Analysis 
 
SEM characterization: 

The morphology of zinc deposition on the perforated copper foil was evaluated for the FB and 

FBT flow modes after the 100th charging cycle with the pair of electrodes of C-PANI-caoted 

graphite felt on the positive and perforated copper foil on the negative side in the ZnIFB 

at 55% SOC (corresponding to an areal capacity of 222 mAh cm–2) at a current density of 
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40 mA cm–2 (Figure 4). In both cases, a relatively uniform zinc deposition was observed (see 

Figure 4 (b) and (c)). The uniform zinc deposition is likely due to the low nucleation 

overpotential, and homogeneous electric field distribution on the copper electrode.18,63 Zinc 

nucleation overpotentials have previously been reported to be 9.5 mV and 45.3 mV for copper 

and carbon electrodes, respectively.21
 

It was shown that Cu foam or foil exhibits complete exfoliation of zinc arrays, enabling a 

remarkable zinc reversible stripping/plating.63
 

With the FB mode, Figure 4 (b), although the deposit is uniform, a lateral and somewhat 

porous deposition can be observed, indicating higher overpotential during zinc deposition. 

The higher overpotential leads to an increased growth rate of zinc islands,64 and the forma- 

tion of larger sized crystals and a more porous structure. 

In the FBT design, a layer-like and compact deposition with a smaller size of zinc flakes 

was observed (see Figure 4 (c)). The improvement in the deposit morphology in the FBT 

mode is likely due to improved ion/mass transport through the perforated copper, associated 

with the addition of flow towards the current feeder (through the perforation). 

A high-resolution SEM-image of C-PANI-coated graphite felt compared with the pristine 

felt is shown in Figure 4 ((d) and (e)), a micro-nano structure of PANI with irregular porous 

structure distributed on the felt fibers is observed. 

 
XRD analysis of zinc deposition: 

Ex-situ XRD patterns of zinc deposition on the perforated copper foil after 300 and 1000 

seconds of charging were collected for two different flow modes, FB and FBT (see Figure 5). 

It was reported that zinc deposition with (002) plane, indicating basal plane oriented crystals, 

provides a thermodynamically stable orientation.49,65 Zn growth with the plane of 

(102) and (101) was reported for the alignment of 30–70◦ of the deposited crystal.66,67 The 

dominant planes in the XRD pattern after 1000 s deposition are (102), (103), (100), (002), 

(110), (112), (004), and (201), which are consistent with the literature.14,67,68 Previous 
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(a) (b) (c) 
 

(d) (e) 
 

 

Figure 4: SEM images of (a) pristine copper foil, and the surface of the zinc electrode in the ZnIFB after 

the 100th cycle at SOC of 55% (areal capacity of 222 mA cm–2) with a 3 M ZnI2 electrolyte at a current density 

of 40 mA cm–2, operated in (b) FB and (c) FBT mode. SEM images of (d) pristine graphite felt, and (e) 

C-PANI graphite felt. 

 

studies have reported a layer like deposit of zinc with growth on the microstep edges.69 

Free energy analysis has shown that zinc deposits with basal plane (002) orientation are 

thermodynamically favored.49 Pyramid structures of basal plane 002 orientation is favorable 

for achieving uniform zinc deposition.24 In the current study, the XRD and ex-situ AFM 

analysis confirmed the basal deposition with the (002) plane for operation in FBT flow mode. 

A zinc deposit with a pyramid hexagonal shape approximately parallel to the copper substrate 

was observed, which is beneficial for a uniform deposit and cyclability.24 In FB flow mode, 

the basal facet with (002) plane orientation was also observed in the XRD results. However, as 

zinc deposition continued in the FB design, additional facets with a rougher, more porous 

morphology were observed in SEM and ex-situ AFM images. 

Zn deposition with the strong (110) surface planes, deposited crystal has the alignment of 

70–90◦ 66,67 and zinc deposition is likely to produce dendrite formation.18,66 The plane of 

(110) is observed in the zinc deposition after 1000 seconds in the FB mode, shown in Figure 5 
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(c). In the XRD of the zinc deposition, the plane of (004) (Figure 5 (d)) observed in the FBT 

mode with higher intensity indicates better zinc deposition and a more regular crystalline 

arrangement of the deposited zinc on copper.70 Based on the XRD patterns obtained from 

zinc deposition after 1000 s of charging, the intensity (counts) of the diffraction peaks in the 

FBT mode was higher than in FB mode. Also, the peak related to the (103) plane in the zinc 

deposition in the FBT mode is more uniform (See Figure 5 (c) and (d)). 

 
AFM analysis 

AFM analysis is applied as a valuable technique to investigate morphological and mechanical 

properties of the deposited zinc on the copper electrode when the ZnIFB is under electro- 

chemical control.71 AFM analyses (in-situ and ex-situ), coupled with optical microscopy (in-

situ and ex-situ), were applied to analyze the morphology, roughness, and growth rate of the 

deposited zinc under different flow modes (FB, FT, and FBT). 

 

Ex-situ AFM analysis: 

A comparison of the ex-situ AFM analysis of zinc deposition after charging for 600 seconds 

at 20 mA cm–2 in FB and FBT modes are shown in Figure 6 (Morphology (a) and (d), 3D 

morphology ((b) and (e)), and phase map (c) and (f)). In the FB mode, the morphology 

of zinc crystal deposition is non-uniform and rough, indicating more defects on the surface 

(see Figure 6 (a-c)).  In contrast, in the FBT design, due to a better mass/ion transfer 

a hexagonal smoother shape with a pyramid appearance and sharp edges is observed (see 

Figure 6 (d-f)). A hexagonal and smoother shape deposit was reported under improved mass 

transport conditions, where the surface concentration of zinc is uniform and close to the bulk 

concentration.3,49
 

The average roughness values obtained from morphology data (height images) for FB and 

FBT are 96.42 nm and 11.69 nm respectively. It is well known that the phase signal obtained 

by the AFM tapping mode represents changes in the energy dissipation of the 
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Figure 5: Ex-situ XRD patterns of (a) zinc deposition on copper foil after 300 s of charging for FB, (b) zinc 
deposition on copper foil after 300 s charging for FBT, (c) zinc deposition on copper foil after 1000 s charging 

for FB, (d) zinc deposition on copper foil after 1000 s charging for FBT, and (e) copper foil substrate of a 5 cm2 

flow battery using a 3 M ZnI2 electrolyte (20 mL on each side) under a constant current density of 20 mA 

cm–2 with Nafion 117. 
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Figure 6: Ex-situ AFM images for two different flow field designs after 600 s charging under a current density 

of 20 mA cm–2 (areal capacity of 0.17 mA cm–2). Morphology (a), 3D morphology (b) and phase map (c) of 

zinc deposition on a copper foil substrate in a conventional FB design. Morphology (d), 3D morphology (e) 
and phase map (f) of another zinc deposition on a copper foil substrate operated in the FBT mode from 

the surface between the perforations. 

 

oscillating cantilever as it scans over the surface,72,73 that can be used provide a map of effective 

stiffness,74,75 i.e., the zinc deposition. Typically, a material with lower stiffness tends to 

exhibit a smaller phase value.76,77 Figure 6 (c) and (f) show the phase signal over the zinc 

deposited on a perforated copper foil using FB and FBT modes. The FBT mode shows a 

higher stiffness as indicated by its higher average phase angle of 58.23 ◦, compared to the FB 

mode with an average phase angle of 51.07 ◦. Furthermore, the lower standard deviation of the 

phase value (0.32 ◦) in FBT mode compared to that in FB mode (3.08 ◦) suggests a more uniform 

distribution of zinc deposition in the FBT mode compared to the FB mode. Ex-situ optical 

microscopy analysis was performed of the zinc deposit prepared in under the same conditions 

as those shown in Figure 6 and similar findings were obtained (see Figure S12) with a 

smoother, more uniform deposit. 

Note that AFM and optical microscopy images were obtained at the initial stages of the 

deposition (600 s at 20 mA cm–2, 0.17 mAh cm–2) and cannot be directly compared with SEM 

images shown in Figure 4, which were after 100 cycles and a much longer deposition 
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(20000 s at 40 mA cm–2, 222 mAh cm–2). However, a comparison of initial structure from 

the AFM images and final morphology seen in the SEM images confirms the presence of a 

more uniform deposition in the FBT mode. 

 
In-situ AFM analysis: 

 
In-situ AFM images coupled with in-situ optical microscopy obtained under constant current 

10 mA cm–2 are shown in Figure 7, Figure S13, and Figure S14 for each flow mode: a) FB; 

b) FT; and c) FBT. Figures 7 a-c (i) show the pristine copper electrode, under electrolyte 

at open circuit voltage (OCV). For each flow mode (a-c), the initial stages of zinc nucleation 

and deposition onto the perforated Cu electrode were visualized at 5s (ii), 15s (iii) and 50s 

(iv) of charging. Height profiles were measured by line scan analysis across the dotted black 

lines in the AFM images shown in Figure S13, and are presented in Figure S15. The mean 

roughness and root mean squared roughness (Sa and Sq), and their percentage increase as a 

function of time from the pristine values were all calculated from the height profiles in Figure 

S15, and are presented in Table 2. Additionally, from Figure 7, it can be clearly seen that the 

flow mode significantly influences the rate of nucleation and final morphology of the deposits. 

In the FB system, it can be seen that after 5s of charging, (Figure 7 a (ii)) a number of 

zinc particles of varying sizes (between 121 nm – 1.61 µm) nucleate across the surface of the 

Cu electrode with a random distribution, when compared to the pristine electrode (Figure 

7 a (i)). This results in a Sa and Sq increase of 100% and 127%, respectively. After 15s of 

charging (Figure 7 a (iii), particles begin to agglomerate, forming an inhomogeneous surface 

layer with larger zinc deposits (147 nm – 2.42 µm). The surface Sa and Sq has increased further 

to 333% and 357%, respectively. Finally, after 50 s of charging, the particles have completely 

agglomerated, to form two large zinc dendrites, with a multi-micron variation in 

height (Figure 7 a (iv)), and the Sa and Sq have both increased by nearly ×40. In the FT 

system (Figure 7 b) it appears the rate of nucleation is greater than in the FB system, as after 

5s of applied current (Figure 7 b (ii)), although the nucleation sites appear to be similar, 
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deposits are larger in size and more compact, resulting in a greater increase in Sa and Sq of 

218% and 238 %, compared to the pristine Cu electrode (Figure 7 b (i)). After 15s of applied 

current (Figure 7 b (iii)), the size of the Zn deposits have become more varied (ranging from 

208 nm – 2.88 µm) and appears more boulder-like; however, the surface of the Cu electrode 

is no longer visible which suggests the deposits are more densely packed on its surface, and 

therefore a decrease in surface roughness between 5 and 15 s of charging (Sa and Sq of 122% 

and 131%). Finally, after 50 s of applied current (Figure 7 b (iv)) the boulder-like shape of 

the deposits had become more pronounced as well as the variation in height, and the final 

roughness has now increased to ca. 360% for both Sa and Sq. Lastly, in the FBT system as 

shown in Figure 7 c, it appears the rate of nucleation has significantly decreased, such that 

after 5 seconds of applied current (Figure 7 c (ii)), when compared to the other flow modes in 

Figure 7 a (ii) and Figure 7 b (ii), nucleation sites are smaller and of similar sizes (86-718 

nm), and dispersed evenly and compactly across the Cu electrode surface. This resulted in 

a modest increase in the electrode Sa and Sq of 79% and 76%. After 15 seconds (Figure 7 c 

(iii)), there is a uniform increase in the size of the Zn deposits, and the Cu electrode surface 

is still visible which is testament to the greater packing density imposed by the FBT mode. 

This is reflected further by the low increase in surface roughness Sa and Sq of 108% and 106%, 

respectively. Even after 50 s of applied current (Figure 7 c (iv)) the electrode surface features 

were still visible. Additionally, the shapes of the deposits were distinct from those in Figure 

7 a and b (iv) in that they were not boulder-like in shape, rather more faceted, and the surface 

was flatter with less height variation. The final surface roughness for each flow system after 

50s of charging increased in the order of FB > FT > FBT, with Sa measured at 1.03 > 

0.261 > 0.226 µm, and Sq measured at 1.2 > 0.344 > 0.301 µm respectively. It can therefore 

be concluded that, a more uniform and smooth deposition was observed in the FBT mode 

compared to both FB and FT arrangements. In the FB and FT modes, zinc clusters were 

evident earlier than in the FBT mode. The early deposition/nucleation of zinc in the FB and 

FT modes could be due to the presence of higher overpotential, resulting from 
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higher mass transfer resistance overcoming the energy barrier of the nucleation.14
 

The growth rate of the zinc was obtained based on the maximum peak height after 50 

s and is summarized in Table S3. The error bars for the values obtained for roughness and 

growth rate are shown in Figure S16. The growth rate of the zinc deposition in the FBT mode 

is ca. 4.5 ± 1.4 nm s–1, which is much slower than that of the FB (10.1 ± 6 nm s–1) and FT 

(12.9 ± 1.4 nm s–1) modes, consistent with a more compact and smoother deposit in FBT 

mode. The growth rate of zinc deposit and rate of nucleation increase with increasing the 

overpotential.57
 

3D in-situ optical microscopy images are shown in Figure S17, a thick and rough depo- 

sition is observed in the FB mode (shown in Figure S17 (a) compared with FT (shown in 

Figure Figure S17 (b)) and FBT (shown in Figure S17 (c)) designs. A thin, compact, and 

smooth zinc deposition is observed in the FBT mode. The roughness of zinc deposition in FT 

mode is more than the deposition in the FBT arrangement. 

 

 

Figure 7: In-situ AFM images of Zn electrodeposits on perforated copper foil during the first 50 s of deposition 

in the half cell and show the surface between perforations, shown in Figure 1, using 3 M ZnI2 at a current 

density of 10 mA cm–2. a (I-IV) FB flow mode, b (I-IV) FT flow mode, c (I-IV) FBT flow mode. All 
images show the surface between the perforations. 
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Table 2: Roughness Analysis Obtained from in-Situ AFM Data Shown in Figure 7 
 

Flow 0 s 

Mode 

5 s 15 s 50 s %increase 

(0-5 s) 

%increase 

(0-15 s) 

%increase 

(0-50 s) 

FB 
Sa: 50.9 nm Sa: 101.7 nm Sa: 220.3 nm Sa: 1037.1 nm Sa: 99.8 Sa: 332.8 Sa: 1937.3 

Sq: 61.4 nm Sq: 140.0 nm Sq: 281.1 nm Sq: 1184.9 nm Sq: 128.0 Sq: 357.6 Sq: 1829.3 

FT 
Sa: 56.2 nm Sa: 178.42 nm Sa: 124.58 nm Sa: 260.50 nm Sa: 217.6 Sa: 121.7 Sa: 363.7 

Sq: 74.3 nm Sq: 251.16 nm Sq: 171.86 nm Sq: 344.4 nm Sq: 237.8 Sq: 131.1 Sq: 363.2 

FBT 
Sa: 48.3 nm Sa: 86.50 nm Sa: 100.53 nm Sa: 226.25 nm Sa: 78.4 Sa: 107.8 Sa: 367.8 

Sq: 62.7 nm Sq: 110.30 nm Sq: 128.97 nm Sq: 301.72 nm Sq: 75.9 Sq: 105.7 Sq: 381.2 

Sa: Mean roughness; Sq: Root mean squared of roughness 

 

Modeling of zinc deposition on copper foil 

Simulation of zinc deposition in batteries was carried out in several studies.20,47,60 In this 

study a two-dimensional (2-D) model for zinc deposition on a non-porous perforated copper 

foil is developed with COMSOL Multiphysics in both FB and FBT modes, considering charge 

and mass conservation. The schematic diagram of the 2-D geometry of the negative half cell 

of ZnIFB is shown in Figure 8 (a). The x-direction is the distance from the electrode surface 

towards the membrane direction, and y-direction is oriented towards the surface of the 

electrode. The geometry and dimensions of the battery incorporated in the model are listed in 

Table S4. 

On the perforated copper foil, the electrolyte flows across and through the non-porous 

electrode. The perforated electrode is placed at X = 0 and position 1, and the electrolyte 

flows along the electrode surface in the length of 0 ≤ h ≤ H. The inlet and outlet are located 

at positions 2 and 3, and the membrane is located at position 4. The inlet flow rate for 

both flow modes is the same, but in the FBT mode, the amount of flow passing through the 

electrode (the flow through outlet region labaled in Figure 8 (a)) is two times higher than that 

passing across the electrode. 

As mentioned in the AFM and optical microscopy analysis sections, a more compact and 

smoother zinc deposit was observed on the surface of the electrode in the FBT flow mode. 

This effect was previously associated with the smaller difference between the surface concen- 

tration of Zn2+ and the bulk concentration due to the improved ion transport.20,47,60 To 
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verify this, we mathematically model the problem using the conservation of mass, species, 

charge and momentum as detailed in the SI section. Figure 8 presents the solution to the 

problem using the conditions in Table S4. Due to the flow of a fraction of the electrolyte 

through the electrode in the FBT mode and the convective transport of ions to the elec- 

trode, the bulk electrolyte replenishes the depleted Zn2+, and a higher Zn2+ concentration 

is obtained at the electrode surface (Figure 8 (b)). The velocity profiles for both flow modes, 

leading to different convective transport behaviors, are shown in Figure S18. The calculated 

electrolyte potential at the electrode surface (shown in Figure 8 (c)) is lower in FBT mode 

compared to FB mode which has implications for the smoothness of the deposited layer 

and prevention of dendrite formation. According to Ma MC et al.78 an increase in the ion 

concentration on the electrode surface correlates with a smaller electrolyte potential which in 

turn results in a smoother deposition and suppression of the dendrites. 

The variation of Zn2+ concentration with distance from the electrode surface is shown in 

Figure 8 (d-e), at three different positions, initial, halfway, and approaching the end along the 

electrode surface in the direction of flow. A higher gradient of Zn2+ concentration and bulk 

is obtained at the electrode/electrolyte interface in the FB mode compared with FBT mode 

along the electrode surface. Very low gradient Zn2+ concentration with the bulk in the FBT 

mode associated with a lower electrolyte potential resulting in a compact and smooth 

deposition on the electrode surface.20,47,60
 

 
Conclusion 

For practical zinc-based batteries with long cycle life, it is essential to improve the Zn2+ 

transfer kinetics at high current densities. The stripping/plating process of Zn in aqueous 

batteries presents a challenge to the stable performance of zinc-based batteries. In this study, 

a pair of perforated copper foil negative electrode with high electrical conductivity, to give 

uniform potential combined with a recently demonstrated flow mode (FBT) to give 
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Figure 8: 2-D simulation of zinc deposition on perforated copper foil in FB and FBT modes. (a) Schematic 

diagram of 2-D model geometry of the negative half-cell of ZnIFB, (b) Zn2+ concentration along the electrode surface 

in FB and FBT modes, (c) the variation in the potential of the electrolyte for FB and FBT flow modes. The 

variation of Zn2+ concentration with distance from the electrode surface at three different positions along 

the electrode surface in the direction of flow in FB and FBT flow modes, (d) initial, (e) halfway, and (f) 

approaching the end. 
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3 

a high mass transfer rate and thus uniform zinc ion concentration at the electrode, enabled 

a high-performance and cyclable ZnIFB at a high current density of 40 mA cm–2 and areal 

capacity of 222 mAh cm–2. The areal capacity in this study is the highest areal capacity 

reported for the ZnIFB. Additionally, this combination demonstrated the ability to maintain 

stable cycling even under current densities exceeding 100 mA cm–2. 

Modified graphite felt positive electrode, using C-PANI, was used to ensure good perfor- 

mance at the positive side of the battery. The C-PANI modification gives lower overpotential 

due to the presence of more active sites, and faster reaction kinetics of the I–/I–.37
 

A combination of in-situ and ex-situ analyses was conducted to evaluate the effect of 

electrode materials and flow mode on the performance and cyclability of the battery. In-situ 

EIS analysis indicates that with a perforated copper foil negative electrode, the ohmic and 

charge transfer resistances were both around 50% lower than obtained with graphite felt. An 

investigation of the morphological evolution and electrochemical zinc deposition in different 

flow modes was conducted using in-situ and ex-situ EC-AFM analysis coupled with in-situ 

optical microscopy. The results showed that the FBT arrangement yielded a thinner and more 

uniform zinc deposit with lower roughness compared to the rough and thick deposition 

observed in the FB mode. 

Theoretical modeling and simulation have verified that in the FBT mode, there is a higher 

concentration of Zn2+ on the electrode surface and a lower concentration gradient of Zn2+ 

between the surface and bulk. Additionally, it was obtained that the potential of 

the electrolyte in the FBT mode is lower than that in the FB mode. In the future, for practical 

applications of the novel design, modification of the surface of copper foil with 

multifunctional interface layers,20 may enhance the areal capacity and stable cycling for 

large-scale grid storage applications. 
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