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ABSTRACT: Aqueous zinc-iodine (Zn-I2) batteries with four-electron (4e) I−/I0/I+ conversion (4eZIBs) offer high energy den-
sity but face significant challenges for application, including the polyiodide shuttle effect and I+ hydrolysis for the I2 cathodes, 
and poor reversibility for the Zn anodes. Here, we report a coordination chemistry strategy to address these issues simulta-
neously by introducing hexamethylenetetramine (HMTA) as an electrolyte additive. In aqueous electrolytes, HMTA undergoes 
protonation to form positively charged nitrogen moieties that effectively precipitate the polyiodides and I⁺ species (ICl2

−) to 
mitigate the polyiodides shuttle and I+ hydrolysis. This strategy enables 4eZIBs to achieve a near-theoretical specific capacity 
of 425 mAh g−1 (based on mass of iodine) and a Coulombic efficiency exceeding 99%. On the Zn anode, HMTA preferentially 
adsorbs onto its surface, inhibiting competitive water adsorption to suppress both Zn dendrite formation and hydrogen evo-
lution. As a result, we achieve durable 4eZIB performance in pouch-cell configurations for the first time. A 0.5 Ah pouch cell 
with  15% Zn utilization exhibits a high energy density of 113.0 Wh kg−1 (based on the mass of cathodes and anodes) and 
excellent cycling stability over 1,000 cycles, highlighting the potential of 4eZIBs for next-generation energy storage systems. 

INTRODUCTION 

The growing demand for efficient and sustainable energy 
storage systems has spurred research into battery technol-
ogies beyond conventional lithium-ion batteries.1, 2 Aque-
ous zinc-based batteries, which employ Zn metal anodes, 
present notable advantages such as high safety, low cost, en-
vironmental compatibility, and impressive energy/power 
density.3-5 Among these, rechargeable aqueous Zn-I₂ batter-
ies (ZIBs) have gained attention as promising candidates 
due to their fast redox kinetics and multi-electron electro-
chemistry.6-9 Traditional ZIBs rely on a two-electron (2e) 
I−/I0 redox reaction (2eZIBs), delivering a redox potential of 
0.54 V vs. standard hydrogen electrode (SHE) and a theoret-
ical capacity of 211 mAh giodine−1.10, 11 However, limited theo-
retical energy density of 2eZIBs is unsatisfactory compared 
to the prevailing Zn-MnO2 systems (308 mAh g−1 and 0.57 V 
vs. SHE).12, 13 Recently, 4eZIBs have emerged as an attractive 
alternative, leveraging the I−/I0/I+ redox pathway to achieve 
a higher redox potential (1.08 V for I0/I+ and 0.54 V for I−/I0 
vs. SHE) and a doubled theoretical capacity of 422 mAh 
giodine−1.12, 14, 15 Despite these advantages, the practical imple-
mentation of 4eZIBs faces significant challenges. The poly-
iodide shuttle effect during the I−/I0 conversion and water-
induced hydrolysis of I+ species (e.g., ICl or ICl2−) during the 
I0/I+ conversion severely hinder reversibility.16, 17 To 
achieve highly reversible 4eZIBs, it is essential to address 

both the polyiodide shuttle effect and the I+ hydrolysis sim-
ultaneously. 

Significant efforts have been devoted to mitigating the 
shuttle effect in 2eZIBs through strategies such as host ma-
terial design,8, 10, 18, 19, functional binders,20, 21 catalysts,22-24 
ion selective membrane,25-28 electrolyte engineering,29-32 
and anode protection.33, 34 However, these approaches gen-
erally fall short of enabling highly reversible 4eZIBs, largely 
due to the persistent challenge of I+ hydrolysis caused by 
water’s nucleophilic attack.35 Reducing the water activity of 
electrolytes is an important approach to mitigating the I+ 
hydrolysis, which has been explored by using super-con-
centrated electrolytes,14, 36 organic-water hybrid electro-
lytes,37 and hydrated eutectic electrolytes.38 While effective, 
these approaches increase electrolyte viscosity and cost, 
thereby compromising battery affordability and reaction ki-
netics. Recently, quaternary ammonium cations have 
demonstrated potential in suppressing I+ hydrolysis within 
diluted electrolytes through coordination interactions.17 
However, their use raises concerns, as these electrochemi-
cally inactive cations often have high molecular weights that 
can reduce the overall energy density of 4eZIBs. Moreover, 
the poor Zn reversibility in diluted electrolytes presents ad-
ditional challenges, including dendrite formation, parasitic 
hydrogen evolution (HER), and Zn corrosion, all of which se-
verely damage the battery durability.4, 39, 40 In the pursuit of 
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practical applications of 4eZIBs, the development of aque-
ous electrolyte systems that functions to address the issues 
of shuttle effect and I+ hydrolysis, together with poor Zn re-
versibility becomes imperative. 

In this work, we address the primary challenges associ-
ated with both I2 cathodes and Zn anodes in 4eZIBs by in-
troducing hexamethylenetetramine (HMTA) as an additive 
in a diluted electrolyte. In aqueous electrolytes, HMTA un-
dergoes protonation to form positively charged nitrogen 
moieties (-NH+), which bind to polyiodides and ICl2

− anions 
through ionic interactions. This process effectively sup-
presses the polyiodide shuttle effect and enhances the sta-
bility of I⁺ species against hydrolysis. Additionally, HMTA 
preferentially adsorbs onto the Zn surface, where it com-
petes with water molecules to reduce parasitic HER. Ad-
sorbed HMTA also coordinates with Zn2+ ions, facilitating 
de-solvation and regulating Zn plating/stripping behavior 
to suppress dendrite formation. As a result, the 2eZIBs 
achieve a high specific capacity of 215 mAh giodine−1 and high 
battery CE of exceeding 99% at 0.2 A g−1, along with excep-
tional durability of nearly 25,000 cycles at 4 A g−1. More 
importantly, the coordiantion effect of HMTA significantly 
improves the reversibility of 4eZIBs, enabling a near-
theoretical capacity of 425 mAh giodine−1 at 0.4 A g−1, and 
long-term durability of 5,000 cycles at 4 A g−1. By simulta-
neously optimizing the performance of both cathodes and 
anodes, the HMTA additive enables impressive cyclability in 
pouch-cell configurations for both 2e and 4eZIBs under lim-
ited Zn supply. Under the conditions of high-loading 
cathodes (~18.5 mgiodine cm−2) and high Zn utiliation rate 
(ZUR, ca. 43%), a 0.5 Ah 2e Zn-I2 pouch cell can deliver a 
distinguished lifespan of 672 cycles with 80% retentive 
capacity. Notably, the practical demonstration of 4eZIBs is 
assessed in pouch-cell configuration for the first time. A 0.5 
Ah 4e Zn-I2 pouch cell operated at a ZUR of 15% achieves a 
high energy density of 113.0 Wh kg−1 (based on the mass of 
cathodes and anodes) and an outstanding cycling 
performance of 1,000 cycles with 88.8% retentive capacity.  

RESULTS AND DISCUSSION 

Coordination effects of HMTA on iodine conversion. 
HMTA is a cage-like heterocyclic organic compound with 
the chemical formula (CH2)6N4 (Figure 1a). The N atoms in 
HMTA are rich in lone pair electrons, presenting negative 
electrostatic potential (Figure S1). In aqueous media, N at-
oms readily accept protons to form positively charged moi-
eties (−NH+), which can strongly bond with polyiodides and 
ICl2−. For this study, 2 M ZnSO4 with 0.5 M NaCl aqueous so-
lution (denoted as ZS/NaCl) was used as base electrolyte, 
where NaCl serves as a source of Cl− ions to facilitate the 
I0/I+ conversion. HMTA was introduced into the ZS/NaCl 
electrolyte as an additive. Due to the alkaline nature of 
HMTA solutions (Figure S2), its concentration in Zn2+-
based electrolytes is typically limited to low levels (< 5 
mM).41 However, by adjusting the pH value of electrolytes 
with H2SO4 solution, the solubility of HMTA in ZS/NaCl elec-
trolyte is significantly enhanced, allowing concentrations of 
up to 1 M (Figure S3 and S4). The ZS/NaCl electrolytes con-
taining varying concentrations of HMTA are designated as 

ZS/NaCl-mHMTA, where m represents the HMTA concen-
tration in molarity (M). 

The impact of HMTA on mitigating shuttle effects in 
2eZIBs was firstly investigated. The −NH+ moieties of HMTA 
can interact with polyiodides to generate insoluble HMTA-
Ix composites (where x = 3 or 5), as verified by the appear-
ance of a dark-brown precipitate after mixing HMTA with 
I3− aqueous solutions (Figure 1a and b). Raman spectra was 
collected to analyze the anionic composition of the HMTA-Ix 
composites. As shown in Figure 1c, the I3− solution exhibits 
a prominent Raman band at 114 cm−1 and  a shoulder band 
at 148 cm−1, which are attributed to the symmetric and anti-
symmetric vibration of I3− anions, respectively.42 In con-
trast, the HMTA-Ix composite reveal distinct bands for I3− 
(ca. 108 cm−1) and I5− (ca. 155 cm−1),8 confirming that HMTA 
effectively precipitates a variety of polyiodide species. 

To evaluate the suppression of shuttle effects by HMTA 
additives, in-situ ultraviolet-visible (UV-vis) spectroscopy 
was conducted to monitor the dissolution of I3− during the 
2e conversion by using a home-made quartz battery (Fig-
ure S5).30 In ZS/NaCl electrolyte, the absorbance of I3− at 
285 nm and 350 nm increase steadily during battery charg-
ing and discharging, indicating significant I3− dissolution 
(Figure 1d).10 This observation is consistent with the no-
ticeable yellow discoloration of the quartz battery after cy-
cling (inset in Figure 1d). Remarkably, the addition of 
HMTA to the electrolyte substantially suppresses I3− disso-
lution with much weaker I3− absorbance (Figure 1e). Quan-
titative comparison of the I3− absorbance at ~285 nm shows 
that the dissolution of I3− in ZS/NaCl electrolyte is over six 
times higher than in the HMTA-containing electrolyte (Fig-
ure 1f), clearly demonstrating significant suppression of 
polyiodide dissolution and shuttle by HMTA additive. It 
should be noted that the batterie using HMTA-Ix composite 
as cathodes can deliver a specific capacity of ca. 125 mAh g−1 
(based on the mass of HMTA-Ix) and stable cycling, validat-
ing the coordination between HMTA and polyiodides affects 
less on I−/I0 conversion (Figure S6).  

The impact of HMTA on I0/I+ conversion was then inves-
tigated. The primary cause of the irreversibility of the I0/I+ 
conversion lies in the pronounced hydrolysis of I+ species. 
Similar to polyiodides, the −NH+ moieties of HMTA can bond 
with ICl2−, which forms a light-yellow precipitate (Figure 1g 
and h). The anionic composition of the precipitate was con-
firmed by Raman spectroscopy. The precipitate exhibits a 
sharp Raman band at ca. 270 cm−1,17 attributed to the I−Cl 
vibration for the ICl2− (Figure 1i). This is consistent with the 
Raman spectrum of ICl2− solutions, indicating the formation 
of HMTA-ICl2 composite. To investigate the impact of HMTA 
coordination on suppressing ICl2− hydrolysis, the ICl2− solu-
tion and HMTA-ICl2 composite were mixed with ZS/NaCl 
electrolyte. As shown in Figure 1j, when mixing the ICl2− so-
lution with ZS/NaCl electrolyte, black precipitate forms im-
mediately, which is confirmed as I2 solid with a Raman band 
at ca. 180 cm−1,14, 43 indicating the severe hydrolysis of ICl2−. 
In sharply contrast, the light-yellow color of the HMTA-ICl2 
composite remains intact even after one-week immersion. 
The Raman spectrum further confirms the presence of ICl2− 
without any detectable I2 generation, strongly validating 
that HMTA coordination effectively inhibits the hydrolysis 
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of ICl2−. Besides, HMTA-ICl2 composites are electrochemi-
cally active for I−/I0/I+ conversion, which exhibits a specific 
capacity of 214.5 mAh g−1 (based on the mass of HMTA-ICl2) 

and stable cycling performance (Figure S7). Moreover, under 

a potential range of 0.6-1.9 V, the HMTA-Ix composites also 

enable good reversibility for I−/I0/I+ conversion, indicating 

that HMTA coordination affects less the conversion 

between various iodine species (Figure S8).To further as-
sess the impact of HMTA coordination on the reversibility 
of 4eZIBs, the ZS/NaCl-xHMTA with varying HMTA concen-
trations was adopted as electrolytes, where KB loaded with 
70% I2 (KB-I2) is served as cathodes (Figure 1k and l). The 
batteries with ZS/NaCl electrolytes deliver a low 

 

Figure 1. Coordination between HMTA and iodine species. (a) Schematic for the coordination between HMTA and poly-
iodides. (b) The photographs for the formation of HMTA-Ix precipitate. (c) Raman spectra for the I3− solution and HMTA-Ix 
composite. In-situ UV-Vis spectra for the I3− dissolution during 2e iodine conversion in (d) ZS/NaCl and (e) ZS/NaCl-0.2HMTA 
electrolytes. (f) The comparison of the variation of I3− absorbance at 285 nm in two electrolytes. (g) Schematic for the coordi-
nation between HMTA and ICl2− anions. (h) The photographs for the formation of HMTA-ICl2 precipitate. (i) Raman spectra 
for the ICl2− solution (0.1 M ICl dissolved in 1 M HCl) and HMTA-ICl2 composite. (j) Raman spectra revealed the hydrolysis of 
ICl2− and HMTA-ICl2 in ZS/NaCl electrolytes. Insets are the corresponding photographs after resting for one week. (k) The 
GCD curves of 4eZIBs with different electrolytes at 0.4 A g−1. (l) The I+ conversion rates and battery CEs with different elec-
trolytes. 

discharge capacity of 318 mAh g−1 (based on the mass of I2), 
highlighting an insufficient I0/I+ conversion rate. As the 
HMTA concentration increases, the I0/I+ contribution and 
reversibility are progressively enhanced, indicating that 

HMTA coordination facilitates 4e conversion and mitigates 
parasitic hydrolysis reactions. Notably, when the HMTA 
concentration reaches 0.2 M or higher, a near-theoretical 
discharge capacity of ca. 425 mAh g−1 is delivered. However, 



4 

 

higher concentration of HMTA would damage the reversi-
bility of Zn anodes (Figure S9). Among them, ZS/NaCl-
0.2HMTA was identified as the optimal electrolyte for 
4eZIBs, providing excellent I−/I0/I+ conversion reversibility 
and desirable Zn reversibility. 
Shuttle-free 2eZIBs by HMTA coordination. The Gal-
vanostatic charge-discharging (GCD) of 2eZIBs were con-
ducted to access the impact of HMTA additive on polyiodide 
shuttle effect. The KB-I2 was used as cathodes and the active 
loading of I2 is controlled at ca. 10 mgiodine cm−2. In ZS/NaCl 
electrolyte, the initial specific capacity of 2eZIBs is 204.2 
mAh g–1 at 0.2 A g–1 (Figure 2a and b). The battery gradually 
losses its capacity in the following cycles with 85.2% reten-
tive capacity after 210 cycles and suffers from failure there-
after. In contrast, the 2eZIBs using ZS/NaCl-0.2HMTA deliv-
ers a higher initial specific capacity of 216.2 mAh g–1 and re-
mains 97.2% of its initial capacity after 500 cycles, demon-
strating significantly enhanced cycling performance. The 
CEs of 2eZIBs is a key parameter for assessing the shuttle 

effect. In ZS/NaCl electrolyte, battery delivers an average 
CEs of 98.3% within initial 200 cycles (Figure 2a). Remark-
ably, the average CEs of battery can be improved to 99.2% 
over 500 cycles in ZS/NaCl-0.2HMTA electrolyte, indicating 
that HMTA effectively suppresses the shuttle effect. Self-dis-
charge, which represents capacity loss during prolonged 
resting, is another critical factor for the practical application 
of 2eZIBs.7 Figure 2c shows the self-discharge in two elec-
trolytes after resting at fully charged state. The battery CE 
of 2eZIBs with ZS/NaCl electrolytes significant decreases to 
80.5% after resting for 24 h, corresponding to a self-dis-
charge rate of 19.5%. In contrast, the ZS/NaCl-0.2HMTA 
electrolyte reduces the self-discharge rate to less than 10% 
after 24 h. The GCD curves further reveal that the 2eZIBs 
using ZS/NaCl-0.2HMTA electrolyte encounters smaller 
voltage drop after resting compared to those with ZS/NaCl 
electrolyte, verifying the suppressive self-discharge by 
HMTA additive (Figure S10).  

Figure 2. Electrochemical performance of 2eZIBs. (a) The cycling performance and (b) GCD curves of 2eZIBs with ZS/NaCl and 
ZS/NaCl-0.2HMTA electrolytes at 0.2 A g−1. (c) The battery CEs (top) and self-discharge rate (bottom) after resting of 2eZIBs with 
ZS/NaCl and ZS/NaCl-0.2HMTA electrolytes. (d) The rate performance and (e) corresponding GCD curves of 2eZIBs with ZS/NaCl 
and ZS/NaCl-0.2HMTA electrolytes. (f) The comparison of rate performance with reported 2eZIBs. (g) The cycling performance of 
2eZIBs with ZS/NaCl and ZS/NaCl-0.2HMTA electrolytes at 1 A g−1. (h) The cycling performance of 2eZIBs with ZS/NaCl-0.2HMTA 
electrolyte at 4 A g−1.

The rate performance of 2eZIBs was further compared. 
As shown in Figures 2d and 2e, the 2eZIBs using the 
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ZS/NaCl-0.2HMTA electrolyte demonstrates higher specific 
capacities and lower battery polarization at all current den-
sities compared to those using the ZS/NaCl electrolyte. No-
tably, even under an ultra-high current density of 10 A g–1 
(ca. 1 minute for charging), the battery with the ZS/NaCl-
0.2HMTA electrolyte achieves a high specific capacity of ca. 
150 mAh g–1, outperforming the ca. 83 mAh g–1 capacity 
with the ZS/NaCl electrolyte. This rate performance signifi-
cantly surpasses the reported results (Figure 2f). The long-
term cyclability of 2eZIBs was also investigated. At a current 
density of 1 A g–1, the battery with the ZS/NaCl-0.2HMTA 
electrolyte exhibits a high specific capacity of 202.0 mAh g–

1, exceeding the 175.7 mAh g–1 capacity achieved by ZS/NaCl 
electrolyte (Figure 2g). The 2eZIBs using the ZS/NaCl elec-
trolyte demonstrated stable cycling for only 400 cycles be-
fore experiencing rapid degradation. In contrast, the battery 
with the ZS/NaCl-0.2HMTA electrolyte achieves remarkable 
stability, maintaining stable cycling over 5,000 cycles with 
negligible capacity loss (<5%) and minimal polarization in-
crease (Figures 2g and Figure S11). Even under a high cur-
rent density of 4 A g–1, the battery with the ZS/NaCl-
0.2HMTA electrolyte delivers a high specific capacity of 
174.9 mAh g–1 and exhibits exceptional durability over 
24,800 cycles with a 91.6% capacity retention, highlighting 
the shuttle-free and long-term performance of 2eZIBs by 
HMTA coordination (Figures 2h and Figure S12). 

Highly reversible 4eZIBs by HMTA coordination. Alt-
hough the Cl− in electrolyte is feasible to activate and stabi-
lize the I0/I+ conversion by forming ICl2− interhalogen with 

I+,14 the reversibility and conversion rate of I0/I+ redox reac-
tion are far from satisfactory due to the hydrolysis of ICl2− 
and sluggish reaction kinetics. As evidence, the CV profile of 
the 4eZIBs with ZS/NaCl electrolyte presents significant 
current response from I−/I0 redox but much less from I0/I+ 
redox (top of the Figure 3a). As demonstrated above, the 
coordination effect between HMTA and ICl2− can promote 
and stabilize the I0/I+ conversion. Thus, in the CV profile of 
4eZIBs with ZS/NaCl-0.2HMTA electrolyte, distinct current 
response for both I−/I0 and I0/I+ redox is observed (bottom 
of Figure 3a). To investigate the iodine electrochemistry in 
the ZS/NaCl-0.2HMTA electrolyte, in-situ Raman spectra 
were collected. Figure 3b presents the GCD curves for 
4eZIBs, and Figure 3c exhibits the Raman spectra in-situ 
collected during battery operation. In the region of I−/I0 con-
version, iodine conversion involves the formation of I3− and 
I5− intermediates, which well accords to the previous re-
ports.8, 22 When the potential is higher than 1.6 V, the Raman 
band for I3− gradually disappears, the Raman band for I5− 
positively move to a higher Raman shift, which is because 
the polyiodides gradually convert to the I2. To explicitly ob-
serve the conversion between I2 and I+, the Raman spectra 
for I0/I+ conversion (spots marked in the Figure 3b) were 
exhibited in Figure 3d.  When further elevating the charge 
potential to higher than 1.6 V, the I2 (180 cm−1) starts to 
weaken and disappear. Meanwhile, the Raman band for 
ICl2− (260 cm−1) start to emerge and gradually intensify 
along the charging, indicating the conversion from I2 to I+. In 
the discharging, a reverse trend in iodine conversion is ob-
served, evidencing the reversibility. 
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Figure 3. The electrochemical performance of 4eZIBs. (a) The CV profiles of 4eZIBs with ZS/NaCl and ZS/NaCl-0.2HMTA electrolytes. 
(b) GCD curves and (c) in-situ Raman spectra for 4eZIBs with ZS/NaCl-0.2HMTA electrolyte. (d) In-situ Raman spectra for the I0/I+ 
region (collection positions are marked in (b)). (e) Rate performance of 4eZIBs with ZS/NaCl and ZS/NaCl-0.2HMTA electrolytes. (f) 
GCD curves of the 4eZIBs with ZS/NaCl-0.2HMTA electrolyte under different current densities. (g) The comparison of I0/I+ 
contribution and battery CEs of 4eZIBs using two electrolytes under different current densities. Long-term cycling stability of 4eZIBs 
in two electrolytes at (h) 1 A g−1 and (i) 4 A g−1. 

The electrochemical performance was investigated to 
study the impact of HMTA on the reversibility and durabil-
ity of 4eZIBs. As shown in Figure 3e, the 4eZIBs with 
ZS/NaCl-0.2HMTA electrolyte exhibit a near-theoretical dis-
charge capacity of 424.8 mAh g−1 at 0.4 A g−1, surpassing that 
with ZS/NaCl electrolyte of 338.5 mAh g−1. Corresponding 
GCD curves further validate that HMTA additive promotes 
the I−I0/I+ conversion, which presents two flat charge/dis-
charge voltage platforms for I−/I0 (~1.35/1.25 V) and I0/I+ 
(~1.76/1.68 V) redox (Figure 3f and Figure S13). Besides, 
the 4eZIBs with ZS/NaCl-0.2HMTA electrolyte undergo su-
perior rate capability compared to the counterpart with 
ZS/NaCl electrolyte, which deliver 424.8, 382.4, 335.1, 
278.5, and 215.8 mAh g−1 at 0.4, 0.8, 2, 4, and 8 A g−1, respec-
tively (Figure 3e). When the current density is reduced 
back to 0.4 A g−1, the specific capacity can recover to 415.5 
mAh g−1, further highlighting the significant reversibility. 
Figure 3g compares the capacity contribution from the I0/I+ 
redox and related battery CEs in two electrolytes. The I0/I+ 
contribution in ZS/NaCl-0.2HMTA electrolyte is around 204 
mAh g−1 at 0.4 A g−1, which is close to the theoretical value 

of 211 mAh g−1. While for the 4eZIBs using ZS/NaCl electro-
lyte, this value is only 118 mAh g−1, suggesting the lower 
I0/I+ conversion rate. At all current densities, the 4eZIBs us-
ing ZS/NaCl-0.2HMTA electrolyte all exhibits higher I0/I+ 
contribution and battery CEs, demonstrating the HMTA can 
promote efficiency and reversibility of I0/I+ conversion. 

The long-term durability of 4eZIBs in two electrolytes 
was investigated. As shown in Figure 3h and Figure S14, 
owing to the severe ICl2− hydrolysis and inferior reaction ki-
netics, the 4eZIBs with ZS/NaCl electrolyte exhibits low dis-
charge capacity and battery CEs of 323.1 mAh g−1 and < 95%, 
respectively, at 1 A g−1. Battery failure occurs only after 112 
cycles, demonstrating the inferior cycling stability. In sharp 
contrast, with the HMTA additive, the specific discharge ca-
pacity of 4eZIBs is enhanced to 371.6 mAh g−1 at 1 A g−1 and 
the cycling stability is extended to over 1,000 cycles with 
90.8% retentive capacity. Importantly, the CEs of the bat-
tery using ZS/NaCl-0.2HMTA are stabilized at over 99%, in-
dicating less I+ hydrolysis. Subsequently, the cycling perfor-
mance of 4eZIBs under higher current density was studied 
(Figure 3i and Figure S15). In ZS/NaCl electrolyte, the 
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4eZIBs exhibits poor reversibility and suffers from battery 
failure after just 430 cycles at 4 A g−1. Significantly, the 
4eZIBs in ZS/NaCl-0.2HMTA electrolyte delivers an initial 
capacity of 321.7 mAh g−1 with characteristic 4e voltage pro-
files. Moreover, battery can sustain over 5,000 cycles with a 
capacity retention of 82.1%, strongly highlighting the excel-
lent durability of 4eZIBs by the HMTA additive. 

High-reversible and dendrite-free Zn anodes by HMAT 
coordination. As a practical battery, it relies on high-re-
versible cathodes and anodes simultaneously, therefore the 
impact of HMTA additive on Zn reversibility was investi-
gated. It was demonstrated that HMTA can tune the Zn2+ 
solvation structure by the coordination between Zn2+ ions 
and HMTA.41 However, the fact is that the concentration of 
HMTA in electrolytes is relatively low, implying that the lim-
ited impact of HMTA on the bulk solvation structure. In-
stead, additives are more possible to modulate the Zn/elec-
trolyte interface. To investigate the interfacial behaviour of 
HMTA on Zn anodes, the Molecular dynamic (MD) simula-
tion showing the dynamic evolution of HMTA on Zn inter-
face was conducted (Video S1). Results indicate that HMTA 
molecules can spontaneously enrich at the Zn interface 
(Figure 4a and b), indicating the preferential adsorption of 
HMTA at Zn interface. This result well accords to the 
stronger adsorption of HMTA molecules at Zn (002) facet 
compared to the free H2O molecules (Figure S16). This 
strong interfacial interaction would contribute to less HER 
by repelling the competitive water adsorption.44 

To study the impact of HMTA adsorption at Zn interface 
on the parasitic HER, the linear sweep voltammetry (LSV) 
of the electrolytes was conducted (Figure S17). Significant 
negatively shift of the one-set potentials for the HER and Zn 
plating demonstrate the suppressive HER by the HMTA. De-
spite HMTA additive will slightly compromises the OER of 
electrolytes, it would not affect the stable cycling of 4eZIBs 
since the upper limits for I−/I0/I+ conversion is still far away 
from the OER. The HER and Zn plating often occurs simulta-
neously, leading to the failure of precisely detect the para-
sitic HER during Zn plating.33 To solve this problem, differ-
ential electrochemical mass spectrometry (DEMS) was ap-
plied to real-time monitor the on-set potentials for parasitic 
HER and Zn plating separately. The in-situ cell for DEMS 
measurement is shown in Figure S18. The gold (Au) is 
coated onto the porous polytetrafluoroethylene (PTFE) film 
via magnetron sputtering, which is served as the working 

electrode. This Au-PTFE film allows the gas to pass through 
but avoid the leakage of liquid electrolytes. The generated 
H2 during Zn plating can be real-time collected by the vac-
uum chamber below the Au-PTFE working electrode and 
then analyzed by mass spectrometer. As shown in Figure 4c, 
in ZS/NaCl electrolyte, the current response of HER and Zn 
plating in LSV curves starts from -0.96 V vs. Ag/AgCl, and 
the H2 signal in the mass spectrometer emerges from -1.0 V 
vs. Ag/AgCl and significantly intensifies thereafter, suggest-
ing the HER and Zn plating occur simultaneously. In con-
trast, in the ZS/NaCl-0.2HMTA electrolyte, the current re-
sponse in LSV curve negatively shifts to -1.0 V vs. Ag/AgCl, 
however the H2 signal does not appear until the potential 
reaches to -1.1 V and remains at rather low intensity after-
wards, validating HMTA significantly alleviates the parasitic 
HER. 

The interfacial water structure affects largely on the HER 
activity. Typically, the broad peak located at a wavenumber 
range of 3000-3600 cm−1 is associated to the O−H vibration 
(Figure 4d). The O−H vibration is generally divided into five 
types of local hydrogen bonds (H-bonds) by a proton donor 
(D)-acceptor (A) mechanism, that are free-OH (3650 cm−1), 
DDA-OH (3500 cm−1), DA-OH (3400 cm−1), DDAA-OH (3200 
cm−1), and DAA-OH (3050 cm−1).45 In which, H-bonds of 
free-OH, DDA-OH, and DA-OH are generally regarded as the 
weak H-bonds (W-H), whilst that of DDAA-OH and DAA-OH 
are determined as strong H-bonds (S-H). In aqueous elec-
trolyte for AZBs, the strong Zn2+-H2O coordination disrupts 
the tetrahedral structure between H2O, resulting in the pro-
portion of S-H decreasing and that of W-H increasing.46 Dur-
ing Zn plating, Zn2+-H2O coordination presents strong ten-
dency to be reduced to generate H2.47 In other words, an in-
terfacial water structure with less Zn2+-H2O coordination or 
less W-H network would contribute to less HER. HMTA mol-
ecules present stronger binding energy with Zn2+ ions com-
pared to the H2O molecules (Figure S19), implying the ad-
sorbed HMTA at the Zn interface can reduce the Zn2+-H2O 
coordination, thereby benefiting to suppress the HER.  

To probe the impact of HMTA additive on interfacial wa-
ter structure, the in-situ attenuated total reflectance Fourier 
transform infrared spectroscopy (ATR-FTIR) was con-
ducted during Zn plating process (Figure 4e). During the 
test, the germanium (Ge) prism was used as working elec-
trodes for Zn plating, and Zn foil was used as the counter 
and reference electrodes (Figure  
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Figure 4. Zn reversibility improvement by HMTA additive. MD simulation for (a) the initial state and (b) final state of HMTA 
behavior at the Zn interface. (c) LSV curves (top) and corresponding mass signal of H2 (bottom) for Zn plating. (d) FTIR spectra for 
the typical water structure. (e) In-situ ATR-FTIR for the evolution of interfacial water structure during Zn plating in ZS/NaCl-
0.2HMTA electrolyte. Left figure shows the GCD curves for Zn plating, the middle figure is the evolution of C-H vibration during Zn 
plating, and right figure is the evolution of O-H vibration during Zn plating. (f) The pie charts for the proportion of interfacial W-H 
and S-H at initial plating (bottom) and after 30 min Zn plating (top). The morphology of (g) surface and (h) cross section of plated 
Zn in the ZS/NaCl electrolyte. The morphology of (i) surface and (j) cross section of plated Zn in the ZS/NaCl-0.2HMTA electrolyte. 
(k) The Zn plating/stripping CEs at 1 mA cm−2 and 1 mAh cm−2. (l) The Zn plating/stripping stability under conditions of 50% ZUR. 
Inset is enlarged figure for selected region.

S20). Any variation at the interface during Zn plating can be 
collected from the Ge prism. During the Zn plating, the C−H 
vibration (ca. 3015 cm−1) gradually intensifies with the Zn 
plating,30 suggesting the enrichment of HMTA at Zn inter-
face (middle of Figure 4e). Meanwhile, the O−H vibration 
exhibits a gradual red shift during Zn plating, proving the 
decreasing of interfacial W-H (right of Figure 4e). The pro-
portion of W-H is around 45% in the beginning, while grad-
ually decreases to 8% after 30 min Zn plating (Figure 4f). 

These results clearly elucidate that the HMTA is signifi-
cantly enriched at Zn interface, which creates a less W-H 
network at Zn interface, therefore exhibiting significant 
suppression of parasitic HER.  

Subsequently, the Zn plating morphology at a current 
density of 2 mA cm–2 for 1 h was studied by scanning elec-
tron microscope (SEM). As shown in Figure 4d, the uneven 
Zn plating morphology in ZS/NaCl electrolyte is observed. 
Porous Zn layers with obvious protrusion can be found in 
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the cross section of plated Zn, confirming the severe den-
drite growth (Figure 4e). In sharp contrast, a dendrite-free 
Zn morphology constituted by the close-packed Zn hexago-
nal plates was observed in the ZS/NaCl-0.2HMTA electro-
lyte (Figure 4f). From the cross section, it can be observed 
that the plated Zn layer is compact and uniform without po-
rous microstructure, validating the HMTA significantly reg-
ulates the Zn plating and avoids the Zn dendrite formation 
(Figure 4g). 

The suppressive HER and Zn dendrite deservedly con-
tributes to the enhanced Zn reversibility, which is con-
firmed by the Zn plating/stripping CEs in Zn-Cu half cells. 
The Zn-Cu half cells with ZS/NaCl electrolyte achieve a Zn 
plating/stripping CE of ca. 99.0% after 10 cycles, however, 
suffer from short circuit after 126 cycles, indicating the se-
vere dendrite formation (Figure 4h and Figure S21a). Sig-
nificantly, in the ZS/NaCl-0.2HMTA electrolyte, the Zn-Cu 
half cells present stable cyclability of 500 cycles with a high 
average CE of 99.65% (Figure 4h and Figure S21b). Fur-
thermore, under higher current density (5 mA cm−2) and 
larger cycled Zn capacity (2 mAh cm−2), the Zn-Cu half cells 
using ZS/NaCl-0.2HMTA can deliver a stable Zn plat-
ing/stripping for 450 cycles with a high average CEs of 
99.75% and negligible polarization increases, proving the 
significant Zn reversibility improvement (Figure S22). The 
Zn plating/stripping stability then was studied by the Zn 
symmetric cells. As shown in Figure S23, the Zn symmetric 
cells using ZS/NaCl electrolyte presents inferior Zn plat-
ing/stripping stability at 2 mA cm−2 and 1 mAh cm−2, which 
suffers from short circuit after 80 cycles (80 h). Signifi-
cantly, the ZS/NaCl-0.2HMTA electrolyte extends the stable 
Zn plating/stripping to over 600 cycles (600 h), demon-
strating the stable Zn/electrolyte interface and suppressive 
dendrite formation. The X-ray diffraction (XRD) patterns 
further reveal that the massive parasitic products generate 
on the Zn anodes after 100 cycles in the ZS/NaCl electrolyte 
whilst are significantly suppressed in the ZS/NaCl-
0.2HMTA electrolyte (Figure S24).  

In pursuit of high energy density, the limited Zn supple-
ment is essential. Therefore, the stability of Zn plat-
ing/stripping under condition of high Zn utilization rate 

(ZUR) was studied by Zn-Cu half cells. The Cu electrodes 
were activated for 10 times and then were pre-plated Zn 
metal with a capacity of 2 mAh cm−2. And then, the Zn-Cu 
half cells was cycled under conditions of a fixed Zn capacity 
of 1 mAh cm−2 and a current density of 2 mA cm−2 (inset in 
Figure 4i). As half of pre-plated Zn participating the follow-
ing Zn plating/stripping, the voltage profiles of Zu-Cu half 
cells can reflect the cycling stability under a ZUR of 50%. 
Owing to the limited Zn supplement from the Cu electrodes, 
the Zn-Cu half cells present inferior lifespan when using 
ZS/NaCl electrolyte, reflecting poor Zn reversibility and se-
rious dendrite growth (Figure 4i). It can be observed that 
the Zn on the Cu electrodes is severely consumed after 100 
cycles when using ZS/NaCl electrolyte, confirming the infe-
rior Zn reversibility (Figure S25a). In contrast, the HMTA 
additive improves prominently on the lifespan of Zn anodes 
owing to the suppressive Zn dendrite and parasitic reac-
tions, which can perform stable cycling for around 800 cy-
cles without battery failure (Figure 4i). After 100 cycles, a 
compact Zn layer has well remained (Figure S25b), indicat-
ing the potential of HMTA additive for realizing practical 
ZIBs under limited Zn supplement. 

Practical demonstration of ZIBs in pouch-cell configu-
ration. To assess the practical application of ZIBs, the 
pouch cells with high loading I2 cathodes and limited sup-
plementary Zn anodes were fabricated. Leveraging from the 
coordination effects of HMTA with various iodine species 
and Zn anodes, the issues of polyiodides shuttle effects and 
I+ hydrolysis for the I2 cathodes and poor reversibility for 
the Zn anodes are concurrently addressed. It is widely rec-
ognized that the conditions of high active mass loading for 
the cathodes and high Zn utilization rate (ZUR) for the an-
odes impact largely on the energy density of batteries, 
which can provide objective assessment on the energy den-
sity and durability of batteries.12 Therefore, the Zn-I2 pouch 
cells with 2e I−/I0 conversion and 4e I−/I0/I+ conversion was 
conducted, as shown in Figure 5a. To control the ZUR, the 
Zn pre-plated Cu (Zn@Cu) anodes are served as the anodes, 
which are fabricated by electrochemically plating Zn metal 
on Cu substrates with designed Zn capacity by a home-made 
electroplating bath (Figure S26 and S27). 
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Figure 5. Electrochemical perfroamcne of pouch cells. (a) Schematic for the pouch cell. (b) The GCD curves and (c) cycling 
performance of 2e Zn-I2 pouch cell with a ZUR of 43%. (d) The schematic for the internal structure of the muti-layer 4e Zn-I2 pouch 
cell. (e) The GCD curves and (f) cycling performance of 4e Zn-I2 pouch cell with a ZUR of 15%.  

The cycling performance of Zn-I2 pouch cells with 2e I−/I0 
conversion was studied. In which, a high-loading cathodes 
(double-side coating, ~18.5 mgiodine cm−2 and ~3 mAh cm−2 
per side) and two Zn@Cu anodes (single-side pre-plated 
Zn@Cu anodes with a Zn capacity of ~7 mAh cm−2) are 
matched to assemble the pouch cells. Therefore, the ZUR for 
this 2e Zn-I2 pouch cell is controlled at ca. 43%. As shown in 
Figure 5b, the Zn-I2 pouch cell using ZS/NaCl-0.2HMTA 
electrolyte delivers an initial capacity of 0.44 Ah at 0.2 A g−1. 
When increasing the current density to 0.4 A g−1, the capac-
ity remains at 0.4 Ah. This pouch cell can store an energy 
density of 106.2 Wh kg−1, based on the mass of KB-I2 and Zn 
metal. Owing to the good reversibility for both I2 cathode 
and Zn anodes by the HMTA additive, the Zn-I2 pouch cell 
can deliver stable cycling with negligible fading for over 500 
cycles and remain 80% of initial capacity after 672 cycles 
(Figure 5b and c). In contrast, the pouch cell using ZS/NaCl 
electrolyte suffers from battery failure only after 210 cycles 
(Figure 5c and Figure S28), suggesting the poor reversibil-
ity for both I2 cathodes and Zn anodes. 

Owing to the inferior reversibility for 4e I−/I0/I+ conver-
sion, the practical potential for the 4eZIBs is lack of demon-
stration, especially under pouch cell level. Leveraging from 
the significant optimization of the reversibility of 4e I−/I0/I+ 
conversion and Zn anodes by HMTA additive, a 4e Zn-I2 
pouch cell with a total capacity of 0.55 Ah was fabricated by 
sandwiching two I2 cathodes (double-side coating) and 
three Zn@Cu anodes (two single-side pre-plated Zn and one 
double-side pre-plated Zn) (Figure 5d). The area capacity 
for I2 cathode and Zn anodes is ca. 2.2 mAh cm−2 (ca. 6 
mgiodine cm−2) and ca. 15 mAh cm−2, respectively, corre-
sponding to a ZUR of ca. 15%.  As shown in Figure 5e, the 
4e Zn-I2 pouch cell exhibits an initial capacity of 0.55 Ah at 
0.5 A g−1 with two distinguished voltage plateaus, support-
ing the successful realization reversible 4eZIBs in pouch-
cell configuration. Importantly, based on the mass of KB-I2 
cathodes and Zn metal, this pouch cell exhibits an energy 

density of 113.0 Wh kg−1. When current density increases to 
1 A g−1, the capacity is stabilized at 0.44 Ah. Impressively, 
this pouch cell can withstand ultra-long durability for 1,000 
cycles with an 88.8% retentive capacity, proving the excel-
lent reversibility for 4e I−/I0/I+ by the HMTA additive (Fig-
ure 5f and Figure S29). By comparing with reported pouch 
cells for the AZBs, we achieved a remarkable long-durable 
Zn-I2 pouch cells with 2e and 4e conversion chemistry, sup-
porting the ZIBs, especially the 4eZIBs, are a promising can-
didature for large-scale energy storage (Table S1). 

CONCLUSIONS 

In summary, HMTA is used as electrolyte additive to achieve 
highly reversible 4e I−/I0/I+ electrochemistry and Zn plat-
ing/stripping stability. On the cathodes, the HMTA is proto-
nated in aqueous electrolytes to generate N+ centers, which 
coordinates with polyiodides and I+ species to prevent the 
shuttle effect and hydrolysis, respectively. On the Zn anode, 
xxxxxx. Therefore, the 4eZIBs exhibits a near-theoretical 
specific capacity of 425 mAh giodine−1 and long-term stability 
of 5,000 cycles. Besides, In-situ FTIR and MD simulation un-
cover that the HMTA molecules preferentially adsorb at the 
Zn surface over the water molecules, which reconstruct the 
interfacial water environment with Zn2+-H2O coordination, 
thereby enhancing the Zn reversibility that free of dendrites 
and HER. Based on this concurrent optimization for both 
electrodes, 4e Zn-I2 pouch cells with high cathode loading 
and controlled ZUR deliver outstanding cyclability. A 0.5 Ah 
4e Zn-I2 pouch cell with a ZUR of 15% was fabricated with a 
high energy density of 113.0 Wh kg−1, based on the mass of 
cathodes and anodes. Despite this, the cycling life can be ex-
tended to 1,000 cycles with 88.8% retentive capacity. This 
finding provided strong evidence for the practical adoption 
of ZIBs with attractive 4e electrochemistry, which is benefi-
cial for developing advanced AZBs for large-scale energy 
storage. 
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