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Abstract— The global shift towards renewable energy sources 

necessitates advanced energy storage technologies to ensure a 

reliable and sustainable electric grid. Zinc-iodine flow battery 

technology shows great promise for scalable energy storage, 

offering extended cycle life and the ability to independently scale 

power and energy densities. The tubular cell design enhances 

electrochemical performance by addressing the limitations 

associated with traditional planar configurations. However, the 

zinc wire anode in the tubular design is prone to form Zn 

dendrites, leading to potential short-circuiting. In this work, we 

introduce a tri-helical design for zinc anodes that extends cycle 

life to 250 cycles. Through three-electrode analysis, we found that 

the tri-helical design enhances the uniformity of zinc plating by 

improving the anode-electrolyte interface, promoting faster 

charge transfer, and mitigating dendrite formation. This 

technology is compatible with existing power infrastructures and 

supports grid stabilization and integration with renewable 

energy sources, which offers an exciting pathway for integrating 

renewable energy systems. 

 
Keywords: Zinc-Iodine Flow Battery (ZIFB), Energy storage 

technologies, Dendrite mitigation, Enhanced cycle life, Redox  

flow batteries, Zinc plating uniformity, Renewable energy grid 

integration, Battery lifetime enhancement. 

I. INTRODUCTION 

he global transition to renewable energy sources like 

solar and wind is essential for achieving a zero-

emission future. However, the inherent variability and 

intermittency of these energy sources pose significant 

challenges to grid stability. To address these challenges and 

meet the U.S (United States). goal of integrating 1 terawatt of 

renewable energy by 2030, covering 80% of annual electricity 

demand, long-duration energy storage systems are imperative 

[1-3]. Among various energy storage technologies, redox flow 

batteries (RFBs) stand out due to their design flexibility, 

scalability, and high efficiency, making them particularly 

suitable for large-scale applications [4–13].  

Despite progress made with different RFB chemistries, 

such as all-vanadium and iron-chromium flow batteries [14–

18], these systems are often limited by low energy densities 

compared to lithium-ion batteries (>200 Wh/L).[19]. The 

widely researched vanadium redox flow battery (VRFB) 

achieves an energy density of only about 25 Wh/L, largely due 

to the low solubility of active species in aqueous solutions [20-

21].  

 

 

 

 

 

 

 

Furthermore, the high cost of vanadium limits the commercial 

viability of VRFBs [22-23].  

Zinc-iodine flow batteries (ZIFBs) offer a promising 

alternative, delivering significantly higher theoretical energy 

densities—up to 322 Wh/L with a high-concentration 

electrolyte (7 M) [24]. Flow batteries are typically categorized 

by their design as either planar or tubular. Planar flow batteries 

feature a flat, stacked configuration with a membrane that 

separates positive and negative electrolytes. However, this 

design is often hampered by low power density, high 

manufacturing costs, and critical issues such as zinc dendrite 

formation, which severely limit cycle life and overall system 

reliability [25-26]. In contrast, tubular flow batteries have a 

cylindrical design, with electrode wires aligned vertically in 

the cell chamber. The tubular design offers a higher membrane 

surface area relative to volume, allowing for high flow rates 

and enhancing the power output of the battery. While this 

design could achieve higher volumetric power density, it still 

suffers from issues such as zinc dendrite and short cycle life. 

In this work, we introduce a tri-helical zinc anode design 

to address the anode instability challenge in tubular ZIFBs, 

which facilitates uniform current distribution, reduces zinc 

dendrite formation, and allows stable operation over 250 

cycles (450 hours). Additionally, this design eliminates the 

need for traditional planar flow channels and plates, paving the 

way for cost-effective manufacturing and compatibility with 

various redox chemistries.  

II.  METHODOLOGY 

We aim to address the critical question: How can the 

performance and stability of ZIFBs be enhanced through the 

tri-helical anode design? This question is pivotal in 

overcoming the current limitations associated with 

conventional ZIFB systems, particularly the challenges of zinc 

dendrite formation, limited cycle life, and suboptimal 

volumetric power density [27]. 

A. Cell Design and Construction 

The electrochemical reactions of the flow battery are 

shown in following equations: [14] 
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Fig. 1. Tubular flow battery design architecture.  (a) Schematic showing 

flow paths of catholyte and anolyte in a tubular ZIFB. (b) The tubular ZIFB 

set up. (c) Tubular flow cell assembled with tubular 3 frame and tubes(d) 
Cylindrical zinc anode. (e) Tri-helical zinc anode. (f) Tubular cell geometry 

with four Nafion tubes, each containing a carbon fiber core as the cathode 

current collector. 
Cathode: 

I3
−  +  2e−  →  3I− E° = 0.53 V  vs SHE   (1) 

Anode: 

Zn → Zn2+ + 2e− E° = −0.76 V vs SHE (2) 

Overall: 

I3
−  +  Zn →  3I− + Zn2+    E =  1.29 V      (3) 

 

The tri-helical tubular ZIFB was constructed using three 

tube-shaped frames connected by small plastic tubes following 

the schematic shown in fig. 1a. The assembled cell and entire 

pumping system are shown in fig. 1b–c. Zinc wires (0.25mm 

diameter from Goodfellow) served as the anode and carbon 

fibers wrapped in four Nafion microtubular membranes were 

used as the cathode current collector. All components were 

fixed within the frames using waterproof and chemically 

resistant epoxy glue (J-B Weld). 

The assembly of the tri-helical tubular ZIFB module 

followed a multi-step process. Initially, four equal-weight 

carbon fibers were placed into the Nafion microtubular 

membranes, with a portion of the fibers left exposed for 

electrical connections. These prepared membranes were then 

inserted into a polytetrafluoroethylene (PTFE) tubing and 

positioned within the first of three compression frames, with 

the carbon fiber end centered to facilitate liquid flow. Both 

ends of this frame were sealed with epoxy to prevent leaks. 

Next, two types of zinc anodes were prepared. The tri-

helical anode was created by twisting three zinc wires together 

along the axial direction. For comparison, the cylindrical 

anode was prepared by aligning three zinc wires side by side 

in parallel. The microtubular membranes and a zinc anode 

were inserted into another PTFE tubing and a second tubular 

frame. Then, all components were inserted into a long PTFE 

tubing connected to the electrolyte reservoir. The optical Here, 

𝑛 represents the number of electrolyte volumes participating 

in the reaction. For this system, n =1, because the anolyte does 

not participate in the redox reaction, and only the catholyte 

contributes to the reaction. image and cross-sectional scanning 

electron micrograph (SEM) of the cells with tri-helical and 

cylindrical anodes are shown in fig. 1d–f. The length of active 

components in the chamber was fixed to 5 cm to ensure 

consistency. The terminals of carbon fiber and zinc electrodes 

were wrapped with copper foil and sealed with silver paste to 

reduce contact resistance. After curing the glue for 12 hours 

and checking for leaks, the ZIFB cell was ready for operation. 

6 mL of 2 M ZnI2 solution is used as catholyte and anolyte, 

respectively. Volume of the cell chamber is 0.158 ml.  

B. Electrochemical Measurements 

In an operating battery, the catholyte and anolyte 

composed of the zinc iodine flow from the left inlets into the 

cell chamber as indicated in fig. 1a and c. The electrolyte after 

reaction returns to the external reservoir through the right 

outlet. The flow rate is controlled by a peristaltic pump (Cole-

Parmer) and its actual value is calibrated with a flow 

transducer from Omega that senses 20 to 100 mL/m flow rate 

of liquid (model number is FLR1001). The potentiostat used 

was Biologic VMP3. Electrochemical impedance 

spectroscopy (EIS) was carried out from 100 kHz to 100 MHz 

at 10 mV amplitude. Galvanostatic cycling was performed at 

a current of 40 mA for constant capacity of 214 mAh, which 

is 50% of theoretical capacity of catholyte. For the longevity 

test, galvanostatic cycling with constant capacity is set to 10 

mAh per cycle with a charge and discharge cutoff voltages of 

1.6 V and 0.25V, respectively.   

III. RESULTS AND DISCUSSION 

A.  Energy Density of Tubular Cells 

The energy and power density of the tubular cell are 

calculated and compared with ZIFB counterparts with planar 

design.  The energy density (E) of a RFB is the amount of 

energy stored per unit volume of electrolyte. It can be 

described by the concentration of active redox species (Ca) and 

voltage (V) in the form of Equation 4: 

                      𝐸 =
𝑁𝐶𝑎𝐹𝑉

𝑛
                                                         (4) 

where N is the number of electrons involved in the redox 

reaction. F is the Faraday constant  and n is  the effective 

number of electrolyte volumes actively participating in redox 

reactions.This parameter accounts for the fraction of the total 

electrolyte volume directly involved in the electrochemical 

processes. In our zinc-iodine flow battery system, we have 

two distinct electrolyte volumes, the anolyte and the 

catholyte. However, only the catholyte actively contributes to 

the redox reactions occurring at the electrodes, as the anolyte 

primarily serves to facilitate ionic transport without 

undergoing direct redox activity. As such, the equivalent 

number of electrolyte volumes, n, is defined as 1 in our 

system because only the catholyte participates in the reaction. 

Theoretical energy density is 92 Wh L−1 based on Ca= 2M, 

N= 4/3, V=1.29V. [29].  

B.  Flow Rate Optimization 

To quantify the impact of varying electrolyte flow rates 

on battery performance, a flow transducer was employed. This 

device was critical in measuring the actual flow rates exiting 

(a)

(c)

5 cm

Catholyte inlet Anolyte inlet Anolyte outlet

(f)

(b)

(d)

(e)

7 cm 5 mm

Catholyte outlet
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the Nafion membrane, revealing that the true flow rate exiting 

the system was 19 ml/min, which was less that what was 

displayed in the prismatic pump. Experiments demonstrated 

that increasing the flow rate helps achieve high discharge 

capacity within a certain threshold. as shown in fig. 2, 

underscoring the importance of maintaining precise control 

flow rate to optimize battery performance. 

 

 
Fig. 2. Flow rate vs Coulombic efficiency and capacity. 

 

C. Electrochemical Performance of Tubular ZIFB 

The tri-helical zinc anode demonstrate a significant 

improvement in electrochemical performance compared to 

cylindrical anode designs in terms of electrode overpotential 

and cycle life. fig. 3a-c shows the voltage, capacity retention 

and efficency metrics of tubular cells with tri-helical and 

cylindrical anodes.  

 
Fig. 3. Electrochemical performance. (a) Voltage vs capacity of Tri-helical 

and three cylindrical zinc anodes in ZIFB at 0-50% SOC. (b) Discharge 

capacity vs cycle for Tri-helical and three cylindrical Zinc anode in ZIFB with 

10 mAh capacity (0-2.3% SOC). (c) Coulombic efficiency (CE), energy 

efficiency (EE) and voltage efficiency (VE) vs cycle number of Tri-helical 

and three cylindrical Zinc anode in ZIFB. (d) EIS of Tri-helical one cylindrical 

and three cylindrical zinc anodes in ZIFB. 

 

The charge overpotential of trihelical anode is 10mV 

lower than cylindrical anode counterparts (supplementary 

fig. S2), suggesting a smaller internal resistance during zinc 

plating reaction.   

In addition to lower overpotential, tri-helical zinc anode 

also enables better cycling stability. The capacity retention  

profile of the tri-helical anode (fig. 3a) remained stable with 

minimal fluctuation, indicating a consistent electrochemical 

environment throughout the cycling process. In contrast, the 

cylindrical anode configurations showed instability, 

particularly after prolonged cycling, suggesting increased 

internal resistance due to non-uniform zinc stripping and 

plating. In longtevity tests at 10mAh per cycle, the tri-helical 

configuration achieved 250 stable cycles, which translates to 

over 450 hours of continuous operation (fig. 3b). In contrast, 

the cylindrical anode cell experienced a rapid capacity decay 

at the 76th  cycle. This extended cycle life is attributed to the 

improved current distribution and uniform zinc plating 

facilitated by the tri-helical design. Additionally, the 

efficiency metrics (fig. 3c) highlight the higher Coulombic, 

energy, and voltage efficiencies of tri-helical anode, 

underscoring the effectiveness of this electrode design. 

Finally, the EIS data in fig. 3d reveal the reduced internal 

resistance of the tri-helical anode. 

D. Dendrite Mitigation and Zinc Plating Morphology 

The lower overpotential and improved cycle life with 

tirhelical anode can be attributed to the uniform zinc 

deposition. The optical image of zinc anodes after cycling is 

shown in fig. 4a and b. Massive dendrites were observed on 

zinc wires in cylindrical anodes as shown in fig. 4a.  

 
Fig. 4. Zinc anode and plating morphology. (a) Microscopic view of 

cylindrical zinc anode. (b) Microscopic view of tri-helical zinc anode. (c) 

Scanning Electron Microscopy (SEM) view of cylindrical zinc anode after 

cycling (d) SEM view of Tri-helical Zinc Anode after cycling. 

 

The maximum height of the dendrite reached 0.186 inch 

(supplementary fig. S3),  The tri-helical zinc anode exhibited 

a marked reduction in dendrite formation compared to the 

cylindrical and three parallel zinc anodes. Post-cycling 

analysis using SEM revealed a significantly smoother surface 

on the tri-helical anode, with fewer and smaller dendritic 

structures (fig. 4d). This contrasts sharply with the cylindrical 

anode, where extensive dendrite growth was observed. 

Dendrite formation occurs due to uneven current distribution, 

creating localized hotspots of high current density that 

promote rapid and uncontrolled zinc deposition. Over 
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successive charge-discharge cycles, these needle-like 

dendrites grow progressively longer and sharper. In the 

context of the tubular flow battery system, this growth poses a 

significant risk as the dendrites can penetrate the Nafion-based 

tubing, which acts as the separator between the anolyte and 

catholyte. Such penetration compromises the integrity of the 

separator, leading to internal short circuits and the mixing of 

electrolytes. This not only results in catastrophic battery 

failure but also significantly reduces its operational lifespan 

and safety. The tri-helical design mitigates this issue by 

promoting uniform current distribution, effectively 

suppressing dendrite growth and maintaining the structural 

integrity of the Nafion-based tubing.and reduced battery life 

(fig. 3b, and 4a). The uniform current distribution provided 

by the tri-helical design was instrumental in achieving even 

zinc plating, as evidenced by the SEM images(fig. 4d). The 

improved morphology of the zinc plating on the tri-helical 

anode is a crucial factor contributing to the enhanced cycle life 

and overall stability of the battery. As shown in fig. 3b, the 

plating morphology on the tri-helical zinc anode demonstrates 

a significantly surface with fewer and smaller dendritic 

structures compared to the cylindrical anode (fig. 4a).  

E. Impact of Flow Rate on Battery Performance 

      The effect of electrolyte flow rate on the performance of 

the zinc-iodine flow battery was systematically investigated. 

The results show that the tri-helical anode configuration 

allowed a higher tolerance to variations in flow rate, with the 

optimal flow rate identified at approximately 30 mL/min 

(Figure 2). At this flow rate, the battery exhibited the highest 

coulombic efficiency, with a significant reduction in 

overpotential. This optimization is crucial for scaling up the 

system for larger applications, as it ensures that the battery 

can operate efficiently under different operating conditions. 

   Increasing the flow rate beyond the optimal point, 

however, led to a decrease in capacity retention. This decline 

is likely due to the excessive shear force acting on the 

electrolyte, which can disrupt the uniformity of the 

electrochemical reactions and lead to inefficiencies. 

Therefore, maintaining the flow rate within the optimal range 

is critical for preserving battery performance. 

F. Voltage Efficiency and Power Density 

The voltage efficiency of the tri-helical zinc-iodine flow 

battery was significantly higher than that of the cylindrical 

design. The tri-helical configuration achieved a power 

density of 4.4 W/L, a substantial improvement over the 

conventional designs. 

The increased surface area-to-volume ratio provided by the 

tri-helical design allows for more efficient ion transfer and 

reduces the overall impedance of the cell. This reduction in 

impedance was confirmed by the EIS data, which showed 

lower resistance values for the tri-helical anode compared to 

the cylindrical and parallel anode designs (fig. 5d). The 

higher voltage efficiency and power density(fig. 5c) make the 

tri-helical design particularly well-suited for applications 

requiring high power output and long-term energy storage. 

G. Challenges at cell level 

 The long-term stability of the tri-helical anode under varying 

environmental conditions requires further investigation. 

Additionally, the scalability of this design for industrial 

applications, particularly in terms of manufacturing and cost-

effectiveness, remains a challenge that needs to be addressed 

in future research. This work also highlights the need for 

further study the impact of different flow rates on dendrite 

formation and zinc plating uniformity also warrants more 

detailed investigation to fully understand the underlying 

mechanisms. the tri-helical zinc-iodine flow battery a 

promising candidate for large-scale energy storage, 

particularly for integrating renewable energy sources into the 

grid. Future research should focus on optimizing the 

electrolyte flow and composition, refining flow rates, 

pressure drops and exploring alternative anode materials to 

enhance performance and scalability. I.  

IV. CONCLUSION 

     In this work, we introduced and evaluated the tri-helical 

zinc anode design for zinc-iodine tubular flow batteries, 

addressing critical challenges in energy storage. The tri-

helical configuration demonstrated a 72% increase in cycling 

time, translating to 250 cycles, improved zinc plating 

uniformity, and significant reduction in dendrite formation. 

These improvements enhance the stability and efficiency of 

the battery system, with the tri-helical anode outperforming 

conventional cylindrical and parallel designs. The optimized 

current distribution achieved by the tri-helical structure 

reduced internal resistance and increased electrochemical 

efficiency, resulting in higher capacity retention, voltage 

efficency, energy efficiency and power density. Future 

research should focus on optimizing the electrolyte flow and 

composition, refining flow rates, pressure drop and exploring 

alternative anode form factors to enhance performance and 

scalability. Furthermore, the tri-helical zinc-iodine flow 

battery (ZIFB) presents environmental advantages. Zinc, an 

abundant and widely available material, reduces dependence 

on rare resources like cobalt and lithium. The aqueous 

electrolyte used in ZIFBs further reduces environmental 

impact by eliminating organic solvents, minimizing fire 

hazards, and reducing toxicity risks. These factors position 

ZIFBs as a promising, environmentally friendly alternative 

for large-scale, long-duration energy storage systems 
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Tri-Helical Anode Design for Zinc-Iodine Tubular Flow Batteries 
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Supplementary Figure 1. Voltage vs time for Tri-helical and three cylindrical Zinc anode in 

ZIFB with 10 mAh capacity (0-2.3% SOC). 

 

 

  

 

Supplementary Figure 2. (a) Three-electrode measurement of tri-helical Zinc vs conventional 

anode at 10mA cycling. (b) magnified view of the anode. 
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Supplementary Figure 3. (a) Three-electrode test shows cell failure at 5.8 hour due to the 

failure of the anode. (b) Tear-down optical images of the flow cell after shorting. 
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