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Four-Electron Zn-lz Batteires

Trimethylammonium bromide (TMBr) with bidirectional regulation capability of cations and anions has been selected as a new type
of bromide electrolyte additives to boost the performance of Zn-I; batteries. Its dual-side shielding functions for both electrodes
enable the reversible four-electron I transfer chemistry and long-term running of Zn-I; batteries
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ABSTRACT: Aqueous Zn—Il, batteries based on four-electron conversion chemistry have been extensive explored due to their
high voltage and large specific capacity. However, the intrinsic instability of I* generated during the high-voltage conversion
process and the severe electrochemical corrosion of Zn anode in aqueous electrolyte primarily hinder the construction of high-
performance Zn—I» batteries. Herein, trimethylammonium bromide (TMBr) with functional cation and anion has been selected as
a dual-side shielding electrolyte additive to concurrently resolve these problems. On the one hand, Br~ in TMBr could incorporate
into the electrolyte solvation structure and reconstitute the hydrogen-bond (H-bond) network, suppressing the activity of free H.O
molecules and consequently enhancing the Zn anode stability. On the other hand, the Br~ could electrochemically activate I*,
followed by the stabilization of I* via complexation interactions with trimethylamine cations (TM*) and Br-, synergistically
achieving facile high-voltage conversion chemistry of |2 cathode. As a result, the TMBr additive enables the four-electron
conversion-type Zn—I; batteries to demonstrate a remarkable capacity of 250 mAh g™' coupled with stable cycling exceeding
15000 cycles at 3 A g'. Additionally, the 160 mAh pouch cell delivers an energy density of 367.4 Wh kg™' (based on l. mass)
with a lifetime of over 300 cycles.

KEYWORDS: aqueous Zn-l» batteries, four-electron conversion, electrolyte additives, solvation structure, complexation
interactions

stability of batteries. In contrast, AZIBs based on conversion
reaction mechanisms exhibit distinctive multi-electron
redox processes during operation, endowing them with
enhanced specific capacity and elevated operating voltage

1 Introduction
As a pivotal component of new-energy systems,
rechargeable batteries have undergone remarkable

advancements in recent years [1-3]. Among the available
battery systems, aqueous zinc-ion batteries (AZIBs) have
emerged as promising competitive candidates in large-scale
energy storage due to their cost-effectiveness, inherent
safety, and high crustal abundance and theoretical capacity
(820 mAh g!) of zinc (Zn) anode [4-6]. According to
cathode reaction mechanisms, AZIBs can be categorized into
two types: ion de/intercalation and conversion reaction
types [7-9]. With regard to ion de/intercalation-type AZIBs,
the charge/discharge processes are accomplished through
individual Zn?*/H* ion insertion/extraction or their co-
de/intercalation into the cathode, most of which are based
on single-electron redox mechanisms with relatively low
voltages and capacities [10]. Moreover, the repeated ion
de/intercalation process can readily induce cathode
structural change, causing its structure to collapse or
dissolution [11]. This would significantly restrict the cycle

[12-15].

As a typical conversion-type AZIBs, aqueous zinc-iodine
(Zn-1;) batteries have garnered extensive attention owing to
their abundant reserves, low cost, and promising long-term
cycling stability of iodine (I;) [16-18]. Nevertheless,
conventional aqueous Zn-I batteries rely on the
iodine/iodide (I>/I") redox chemistry, constrained by low
operating voltage (~1.3 V) and moderate theoretical
capacity (211 mAh g1), consequently failing to meet large-
scale energy storage demands. To this end, the research
focus has moved to the four-electron conversion-type
aqueous  Zn-I;  batteries, achieved by iodine
cation/iodine/iodide (I*/Iz/1") redox reactions [19, 20].
However, the practical implementation of such systems faces
critical challenges: I* ions exhibit intrinsic instability in
aqueous media due to their high susceptibility to hydrolysis,
coupled with barriers in electrochemical activation from I,.
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Most reported strategies employ ZnClz-based electrolytes or
chloride-containing (Cl7) additives to stabilize I*, leveraging
the interaction between nucleophilic Cl~ and electrophilic I*
to form iodine monochloride (ICl) intermediates to suppress
I* hydrolysis [21, 22]. Unfortunately, low-concentration
ZnCl electrolytes or Cl--
containing additives fail to fully stabilize I* due to the
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Figure 1. Schematic diagram of the TMBr enabled four-electron conversion-type aqueous Zn-I; batteries, including the dual-

side shielding mechanism of electrolyte regulation.

high activity of H.0 molecules in aqueous electrolytes. To
mitigate this issue, highly concentrated ZnCl;-based
electrolytes (e.g., 19 m ZnCl; + 19 m LiCl + 8 m CH3CN
system [23]) have been proposed to inhibit free H20 activity
to stabilize I*. The accompanying drawbacks are obvious,
such as high production costs and relatively low ionic
conductivity of electrolytes. Moreover, the strong chemical
corrosion of ClI- toward the Zn anode and other battery
components (like stainless steel battery case) reduces the
lifespan of batteries. Apart from the problems of the I,
cathode, the high reactivity of H.O0 molecules and the
heterogeneous electric field distribution make Zn anodes
inherently suffer from hydrogen evolution side reactions
(HER) and Zn dendrite growth [24-26], restricting the
stability of Zn anodes. These challenges make it highly
necessary to develop an effective strategy that could play
dual-side shielding roles on the cathode and anode to bring
four-electron aqueous Zn-I batteries one step closer to
being a viable technology.

Herein, we have selected 2 M ZnSO4 (ZSO) as a zinc salt
solution to avoid the existence of Cl- induced chemical
corrosion on the Zn anode, while introducing 0.5 M
trimethylammonium bromide (CsHoN-HBr, TMBr) additive
to stabilize the Zn anode and I* generated during high-
voltage reactions, constituting a “Dual-Side Shielding”
strategy (Fig. 1). On the one hand, bromide ions (Br~) could
participate in the solvation structure of the electrolyte due to
their strong coordination capability with Zn?*. Concurrently,
Br~ ions could also disrupt and reconstruct the original
hydrogen-bond (H-bond) network by substituting H,0-H-0
interactions with Br—H;0 coordination, reducing the
content of active H20 molecules in the electrolyte system.
This effectively alleviates HER and enhances Zn anode
stability, making Zn||Zn symmetric cells achieve a cycling
lifespan of 600 h under 5 mA cm™ and 5 mAh cm™?, and
enabling Zn||Cu cells to realize an average Coulombic
efficiency (CE) of 99.7%. On the other hand, the Br~ could
activate I; to form I* via the formation of intermediate IBr
species. And the trimethylammonium cations (CzH1oN*, TM*)
could further stabilize I* through the unique complexation
capability of ammonium salts. The synergistic effects from
the anion and cation of TMBr successfully activate and

stabilize a four-electron Iz-involved reaction process,
enabling Zn-I, batteries deliver a high specific capacity of
250 mAh g at 3 A g! with 15,000 cycles (cycling
time >2,400 h). The assembled pouch cell achieves a
practical capacity of 160 mAh at 0.2 A g%, corresponding to
an energy density of 367.4 Wh kg™ (based on I; mass).
Additional, owing to the particular H-bond network
disruption capability of TMBr, the designed electrolyte also
endows the batteries with superior low-temperature
performance at -10 °C: Zn||Zn symmetric cells with a steady
cycling lifetime over 1000 h and Zn-I; battery with
capacities >200 mAh g~! for more than 4,400 cycles.

2 Experimental
2.1 Preparation of electrolytes

The 2 M ZnSO0.4 (ZSO) electrolyte was prepared by mixing
ZnS04-7H20 and deionized water (DIW) in a 250 mL blue cap
bottle. Different concentrations of TMBr-based electrolytes
were prepared by adding corresponding amount (1.5 mmol,
2.5 mmol, and 3.5 mmol, respectively) of TMBr into 5 mL
7SO0 electrolyte.
2.2 Synthesis of I cathode

Firstly, self-supporting carbon nanotube cathodes (SSCC)
were synthesized. 0.035 g CNT was added to a 48 mL custom
sealed reaction bottle, followed by the addition of 30 mL
DIW and 10 mL 0.1 M HCl. The mixture was ultrasonicated
for 3 h. After this, 5 mg KB was introduced into the solution
and thoroughly mixed. The mixture was subjected to
filtration for self-assembly and washed multiple times with
0.1 M HCI, DIW, and ethanol. Finally, the product was dried in
a 70 °C drying oven to obtain SSCC. To synthesize I, cathode,
SSCC and I; powder were weighed according to a weight
ratio of 3: 1 and put them into 250 mL blue-cap bottle at
80 °C for 6 h (I; loading mass: ~30 wt%). The resulting
product was SSCC/I. Subsequently, the SSCC/I, was cut into
10 mm diameter cathode sheets with I; loading of ~2 mg
cm™,

3 Results and discussion

3.1 Characterizations on the

properties of electrolytes
Considering halogen elements can form interhalogen

fundamental
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compounds and Cl- has the corrosion risk to battery

interhalogen compound IBr containing I* other than ICI
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Figure 2. Characterizations on the fundamental properties of ZSO electrolytes containing different concentrations of TMBr. (a)
'H NMR spectra. (b) FTIR full spectra and (c) zoom-in view around the -OH region. (d) Binding energy of H0-Hz0, H.0-Br~,
Zn%**-H,0, and Zn**-Br". The g(r) and CN of Zn-0 and Zn-Br in the (e) ZSO and (g) ZSO-TMBr electrolytes. (f) MD models of the
ZSO-TMBEr electrolyte and magnified TMBr molecular (H: white, O: red, Zn: ash black, Br: bright green).

be good additive anion component to motivate the four-
electron conversion of I;. Meanwhile, Br~ ions also have the
ability to optimize the Zn?* solvation structure and regulate
the Zn deposition process, bringing function to prevent the
anode corrosion [27]. Besides activating I. to I*, the
stabilization of I* to avoid hydrolysis is of great importance
for the long-term operation of four-electron aqueous Zn-I;
batteries. Ammonium salt cations bring hope to this
challenge because they have coordination capability with I*
and Br~ to form stable compound [28]. In this circumstance,
TMBr has been rationally selected as the electrolyte additive
to play dual-side shielding roles on the cathode and anode to
boosting the performance of Zn-I; batteries, as it can provide
both Br~ and ammonium salt cation (TM*).

To investigate the effectiveness of the selected electrolyte
additive, the fundamental properties of ZSO electrolytes
containing different concentrations (x M, x = 0.3, 0.5, 0.7) of
TMBr was characterized, designated as ZS0-0.3 TMBr, ZSO-
0.5 TMBr, and ZS0-0.7 TMBr, respectively. The electrolyte
structure was first studied by using hydrogen nuclear
magnetic resonance (H NMR) spectra. As shown in Fig. 2(a),
compared with D20, the chemical shift of ZSO shifts from

4.65 ppm to 4.74 ppm, which is attributed to the
coordination between Zn?* and H20 molecules that results in
reduced shielding effects and a downfield shift [29]. However,
the 'H chemical shift exhibits an upfield displacement with
the increase of TMBr concentration. This might be ascribed
to the following factors: 1) Br~ partially participates in the
Zn?* solvation structure that reduces the number of directly
coordinated water molecules around Zn?*, diminishing the
de-shielding effect; 2) Br~ disrupts the H-bond network of
H20 and releases free H20 molecules, rendering the proton
signal shifting toward pure D:0. Fourier transform infrared
(FTIR) and Raman spectra were subsequently employed to
validate this speculation. As depicted in Fig. 2(b), besides the
characteristic peaks of H,0 at 3200 ~ 3600 cm™! and
1640 cm™!, the peaks at 1079.4 cm™! and 1459.8 cm™!
corresponding to the stretching vibration of SO04%" and
bending vibration of —~CH3z emerge. Notably, the -OH peak
position shifts from 3218.6 cm™! to 3224.4 cm™! with
increasing TMBr concentration (Fig. 2(c)), indicating the H-
bond network of H20-H:0 is disrupted by the enhanced
bond energy of —OH [30]. Additionally, the —OH
characteristic peak exhibits a blue shift in Raman spectra
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medium, and weak H-bonds can be identified at 3220, 3420,

(Fig. S1 in the ESM), providing further corroboration for the
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Figure 3. Zn anode performance assessment in the ZSO and ZSO-TMBr electrolytes. Cycling performance of Zn||Zn symmetrical
cells at (a) 1 mA cm™2 for 1 mAh cm™ and (¢) 5 mA cm™ for 5 mAh cm™. CE plots of Zn||Cu cells at (b) 1 mA cm™2 for 1 mAh
cm? and (d) 5 mA cm™ for 5 mAh cm™2 (e) Tafel plots of electrochemistry corrosion at 10 mV min™t. (f) I-t profiles of Zn||Zn
symmetric cells at -150 mV and corresponding schematic diagram of Zn?* diffusion path.

in the ESM), respectively [31]. As described in Fig. S3, the
content of strong H-bond decreases while the weak H-bond
initially increases and subsequently declines with
progressive concentration increment of TMBr, suggesting the
breakage and reconstruction of the H-bond network.
Theoretical calculations were then conducted to further
study the electrolyte structure with/without TMBr. Higher
binding energies are revealed in Br-H:0 (-0.70 eV) and
Zn**-Br~ (-13.48 eV) interactions (Fig. 2(d)), compared with
those in H,0-H20 (-0.26 eV) and Zn?*-H20 (-4.88 eV),
manifesting that Br~ can indeed participate in the Zn?*
solvation structure and rebuild the H-bond network. The
decrease in H-bond number of H,0-H20 and increase in H-
bond number of H,0-Br~ further corroborate this conclusion
(Tables S1 and S2 in the ESM). Following this, relevant
molecular dynamics (MD) simulations were executed (Fig.
2(f) and Figs. S4 and S5 in the ESM) to get the coordination
numbers (CNs) of Zn-O and Zn-Br through the radial
distribution function (RDF, g(r)). Computational results (Figs.
2(e) and 2(g)) disclose that the CN of Zn-0 (H20) decreases
from 4.87 to 4.80, while a new Zn-Br coordination with a CN
of 0.1 emerges upon TMBr addition. These results

collectively demonstrate that TMBr could optimize the
solvation structure and disrupt the H-bond network, thereby
contributing to facilitating controlled Zn deposition and
hampering free H.0 activity. To ensure fully exert the
regulatory effect of TMBr and maintain a high ionic
conductivity (Fig. S6 in the ESM) of electrolyte systems, 0.5
M TMBr was selected as the optimal additive concentration.
Therefore, the optimized electrolyte system (ZSO-0.5 TMBr)
was employed in subsequent studies, referred to as ZSO-
TMBr.
3.2 Evaluation of anode stability

After verifying the beneficial function brought to the
electrolyte itself, the stabilizing effect of ZSO-TMBr on the Zn
anode was comprehensively evaluated by electrochemical
tests. Since the performance of Zn||Zn symmetric cells could
serve as a critical indicator for assessing Zn anode stability,
their long-term cycling performance was checked. As shown
in Fig. 3(a) and Fig. S7, under the condition of 1 mA cm™2 and
1 mAh cm™2, the Zn||Zn symmetric cell employing the ZSO-
TMBr electrolyte demonstrates stable cycling for lasting
800 h operation, surpassing the 150 h in the ZSO electrolyte.
This performance enhancement confirms the ability of ZSO-
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TMBr in restraining side reactions involving HER and
dendritic Zn growth. Notably, the relative higher
deposition/dissolution overpotential in ZSO-TMBr (66.6 mV)

than that in ZSO (57.8 mV) favors a uniform and compact Zn
deposition tendency (Fig. S8 in the ESM) [27]. To further
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Figure 4. Characterizations of ZSO-TMBr electrolyte towards I*. (a) CV curves of Zn-I, batteries with ZSO, ZSO-ZnBr>, and ZSO-
TMBr electrolytes. (b) In situ Raman spectra of Zn-I, batteries with ZSO-TMBr electrolyte. (c) UV-vis spectra of cathodes
charged to 1.6 Vimmersed in ethanol solution. (d) Ex situ XPS spectra of (e) Br 3s and (f) N 1s for cathodes at different charge-
discharge states (A: pristine cathode, B: charge to 1.5 V, C: charge to 1.6 V, D: discharge to 1.5 V, E: discharge to 1.2 V). (g) Gibbs
free energy change (AG) for forming different I species. (h) Binding energy of different I species towards I*. (H: white, C: black,

Br: bright green, N: purple, I: orange).

validate the TMBr rendered high reversibility of Zn
plating/stripping, Zn||Cu asymmetric cells were also tested
under identical conditions. The cell using ZSO-TMBr exhibits
over 580 cycles with an average Coulombic efficiency (CE) of
99.1%, significantly outperforming the ZSO-based cell (Fig.
3(b)). Analysis of the corresponding charge-discharge
profiles (Fig. S9 in the ESM) reveals that the CE of ZSO-TMBr-
based Zn||Cu cell exceeds 99% after 50 cycles, whereas the
ZS0-based cell fails after 100 cycle due to rapid capacity
decay during the stripping process. To assess the high-rate
stability of Zn anode, the electrochemical test was then
conducted at 5 mA cm™? and 5 mAh cm™2. As depicted in Figs.
3(c) and 3(d), the ZSO-TMBr electrolyte enables the
symmetric cell to sustain stable operation for over 600 h and
the Zn||Cu cell to achieve 180 cycles with a CE of 99.7%,
much superior to the ZSO electrolyte (Fig. S10 in the ESM).
These results collectively indicate the markedly improved
stability of Zn anode in the ZSO-TMBr electrolyte, which can
be attributed to the Br-mediated modulation of the

electrolyte solvation structure and reorganization of the H-
bond network.

Additional electrochemical measurements were further
implemented to corroborate the constraint of HER and Zn
dendrite formation. Linear sweep voltammetry (LSV, Fig. S11
in the ESM) discloses lower HER onset potential and
corrosion current in the ZSO-TMBr electrolyte. Similarly, the
ZSO-TMBr-based Tafel plot just delivers a corrosion current
of 0.12 mA cm™2 much lower than the 2.04 mA cm™ in ZSO
(Fig. 3(e)), indicating the ZSO-TMBr can effectively restrain
the electrochemical corrosion of Zn [32, 33]. It can be seen
from the X-ray powder diffraction (XRD) patterns (Fig. S12
in the ESM), zinc hydroxide sulfate (ZnsS04(OH)e-4H20, ZHS)
located at 8.5° appears in the ZSO and is absent in the ZSO-
TMBr, certifying the parasitic reactions can be mitigated by
TMBr. Moreover, the morphology of Zn anodes after 50
cycles was characterized by scanning electron microscope
(SEM) (Fig. S13 in the ESM). Compared with the Zn cycled in
the ZSO electrolyte, Zn growth is more regular and denser in

6 /282



Nano Research | Vol. XX, No. XX

Firstauthor et al.

the ZSO-TMBr electrolyte, effectively mitigating dendrite
formation.

To explore the inhibition mechanism of side reactions by
TMBr, the reaction kinetics of the Zn anode were analyzed.
As illustrated in Fig. S14, the ZSO-TMBr possesses a larger
Zn?* transference number (0.51) than ZSO (0.38), which
could facilitate homogeneous Zn?* transport to uniform the
Zn?* ion flux around the anode surface. The Zn deposition
mechanism was then probed via chronoamperometry (I-t
curves, Fig. 3(f)). It is clear that the ZSO-TMBr achieves a
shorter two-dimensional (2D) diffusion (25 s) and a stable
three-dimensional (3D) diffusion process, manifesting
uniform nucleation and growth manner during the Zn
deposition process [34, 35]. Therefore, the ZSO-TMBr
electrolyte, optimized by the multifunctional TMBr additive,
stabilizes the Zn anode with suppressed side reactions and
dendrite growth.

3.3 Evaluation of I cathode stability

Although the benefits brought to the electrolyte and Zn
anode by ZSO-TMBr, constructing stable four-electron-
transfer Zn-I, batteries still requires addressing the stability
issues of I* at the cathode side. To this end, the function
mechanism of TMBr on I* was investigated. As shown in Fig.
4(a), compared with the ZSO-based battery, a pair of high-
voltage redox peaks near 1.5 V appear in the batteries with
ZS0-ZnBr, and ZSO-TMBr electrolytes, which may
correspond to either I,/I* or Br /Br; redox couples. Given
that the Br /Br; redox peaks typically reside between 1.6
and 1.8 V [36, 37], the observed high-voltage redox process
is more likely attributed to the I;/I* redox pair. Since a more
pronounced high-voltage redox process occurs in the ZSO-
TMBr electrolyte, we speculate that Br~ could activate and
stabilize [I*, while TM* could further stabilize I* by
complexation interaction. In situ Raman spectra of the I
cathode (Fig. 4(b)) during discharge/charge process were
employed to confirm the I>/I* conversion process. During the
1%t discharge process, the intensity reduction of the I, signal
at 175 cm™ indicates the conversion reaction from I, to I.
However, in the following charge process, the intensity of the
I, signal experiences a first increase and then decrease
phenomenon, suggesting further I, transformation to I* after
["-to-I> conversion. In the subsequent discharge cycle, the
reverse I, signal variation in the high-voltage reaction region
illustrates the high reversibility of the I/I* process. It should
be mentioned that no Br; specie signals [38] (Brz: 251 cm™!
and 290 cm™) have been detected, validating the exclusive
involvement of I/I* conversion. Due to the close peak
position of I* (172 cm™) to that of I (175 cm™), no evident I*
signal has been detected [39]. In this case, ultraviolet-visible
(UV-vis) spectra were collected to directly verify the
existence of I* (Fig. 4(c)). When immersing the charged
cathode in ethanol, a distinct absorption peak corresponding
to I* emerges at 350 nm, which can be attributed to the ease
solution of I* in organic solvents [40]. This demonstrates that
I* exists in cathode via electrolyte stabilization, and the high-
voltage I,/I* conversion process indeed occurs. However, the
detailed stabilization mechanism of I* by TMBr requires
deeper investigation.

Considering the widespread use of bromide-containing
ammonium salts as complexing agents for stabilizing the Br;
cathode in aqueous Zn-Br; batteries, we speculate that I* can

also be stabilized by the complexation interaction with the
TMBr additive owing to the analogous chemical properties
among polyhalides [41]. To certify the viewpoint, dissolution
test of IBr in ZSO and various Br -containing ammonium
salts was studied (Figs. S15a-S15d in the ESM). As displayed
in Fig. S15e, from left to right are ZSO, TMBr,
tetraethylammonium bromide (TEBr), 1-ethyl-1-
methylpyrrolidinium bromide (PBr), and
tetrabutylammonium bromide (TBBr) solutions, respectively.
Compared with ZSO, the color becomes light for TMBr
solution. From TEBr to TBBr, the color of the solutions
gradually fades accompanied by precipitate formation, and
longer cation chain lengths result in obvious turbidity
substances and darker precipitates. Therefore, TMBr and
other ammonium salt solutions will respectively form liquid
complexes and precipitate complexes with I*, and the
complexation strength can be intensified by increasing the
chain length. Theoretically, strong complexation should
enhance I* stability, leading to improved battery
performance. However, when a Zn-I, battery employing ZSO-
PBr electrolyte has been tested (Fig. S16 in the ESM),
continuous capacity decay occurs at 5 A g~! until the cell fails
completely. The analysis of the disassembled cathode (inset
of Fig. S16 in the ESM) reveals the precipitate complexes
formed by 1-ethyl-1-methylpyrrolidinium cation (P*), Br-
and I* fully cover the cathode surface and irreversibly
consume I active material, leading to rapid cell degradation.
Therefore, excessive complexation action proves detrimental
to the performance of four-electron conversion-type Zn-I,
batteries. In contrast, TMBr’s moderate complexation
strength can not only stabilize [* but also ensure the
reversibility of [* conversion by means of avoiding active
material consumption arisen from precipitate formation,
contributing to enabling stable four-electron conversion. The
UV-vis spectra of IBr dissolved in H»0, ZSO, and ZSO-TMBr
were applied to further validate the complexation capability
of TMBr (Fig. S17 in the ESM). Even after dissolving 4 h,
stable retention of I* can still be observed in ZSO-TMBr,
whereas significant hydrolysis of I* to I; occurs in H,0 and
ZS0. The high stability of I* in ZSO-TMBr is attributed to the
complexation effect of TM* and Br~ on I*.

The beneficial effects of ZSO-TMBr brought to the I»
cathode were further corroborated by ex situ XPS analysis
and theoretical calculations. Fig. 4(d) presents the charge-
discharge profiles of a Zn-I, battery employing ZSO-TMBr
electrolyte. Five distinct states were selected to probe the I*
conversion mechanism: pristine state (A), charged to 1.5 V
(B), charged to 1.6 V (C), discharged to 1.5 V (D), and
discharged to 1.2 V (E). The corresponding ex situ high-
resolution XPS spectra of [ 3d, N 1s, and Br 3d are shown in
Fig. S18, and Figs. 4(e) and 4(f), respectively. As portrayed in
Fig. S18a, the I 3d binding energy increases progressively
from state A (630.8 eV, 619.4 eV) to C (631.3 eV, 620.0 eV)
and reverts to its initial value from C to E (630.9 eV, 619.4
eV), confirming the reversible conversion between 1° and I*
and the high reversibility of I;/I* redox couple. In Br 3d
spectra (Fig. 4(e)), the intensity of the Br-I bond at 70 eV
first increases (A to C) and subsequently decreases (C to E),
and a parallel trend is observed for the N-I bond at 402.8 eV
in the N 1s spectra [42] (Fig. 4(f); Fig. S18b in the ESM).
These synchronized variations indicate that Br~ could
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activate I*, while TM* further stabilizes it through generation and testifying that Br~ can serve as the activator
complexation action of TM*, Br~ and I*. The homogeneous of I". In the concurrent presence of Br~ and TM*, the energy
distribution of N, I, and Br elements on the cycled cathode barrier for I,-to-I* conversion is further reduced by the
provides additional support for this mechanism (Fig. S19 in formation of (TM*)IBr and (TM*)(IBrz") complexes.
the ESM). Gibbs free energy change (AG) was then calculated Additionally, compared with IBr and IBr;", more negative
(Fig. 4(g)), and it elucidates that Br~ enables spontaneous IBr binding energy is found in (TM*)IBr and (TM*)(IBr;")
formation from I, lowering the energy barrier for I*
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Figure 5. Electrochemistry performance of Zn-I; batteries. (a) Charge-discharge curves and (b) cycling performance at 3 A g™!
with ZSO and ZSO-TMBFr electrolytes. (c) CV curves at different scan rates. (d) Dependence correlation plots of the test current
on scan rate at corresponding peak potentials. (e) Rate performance. (f) Optical photo of Zn-I; pouch cell and corresponding
internal configuration. (g) Charge-discharge curves and (h) cycling performance of the pouch cellat 0.2 A g™!

complexes (Fig. 4(h)). Also, the binding force of TMBr toward 250 mAh g?' and could maintain 15,000 stable cycles
I* is stronger than that of Cl- applied in most reports (Fig. (time >2,400 h) at 3 A g%, outperforming the performance
S20 in the ESM). Consequently, the synergistic interplay of reported in recent studies (Table S3 in the ESM). Additionally,
TMBr activation and complexation functions collectively the battery could still achieve a capacity of 213 mAh g=! with
facilitate the realization of reversible four-electron a capacity retention of 85% over 20,000 cycles at 5 A g! (Fig.

conversion-type Zn-I; batteries. S21 in the ESM). It should be mentioned that no obvious
3.4 Room-temperature performance of Zn-I: corrosion pits appear on the Zn anodes after both short-term
batteries (100 cycles) and long-term (1000 cycles) cycling (Fig. S22 in

As demonstrated above, the introduction of TMBr as the the ESM). This once again proves the effectiveness of the
electrolyte additive could simultaneously address stability designed dual-side shielding electrolyte.
issues at both the Zn anode and I, cathode. To validate the After confirming the improved reversible capacity and
feasibility = of  this dual-side shielding  function, lifetime of ZSO-TMBr-based Zn-I; batteries, their reaction
comprehensive electrochemical evaluations were conducted kinetics were investigated through cyclic voltammetry (CV)
on Zn-I; full batteries. The charge-discharge profiles (Fig. curves at different scan rates. Favorable reaction kinetics can
5(a)) reveal a distinct 1.5 V plateau and doubled capacity in be reflected by Fig. 5(c), because there is no obvious change
the ZSO-TMBr electrolyte compared to ZSO, primarily in polarization by increasing the scan rate from 0.1 to 1 mV
attributing to the stabilized four-electron conversion process s~1. Calculated from the relationship i = av?, the
involving 17/I/I* redox couples. As shown in Fig. 5(b), the oxidation/reduction peaks (labeled Peak 1-4) exhibit b-
ZSO-TMBr-based Zn-I; battery delivers an initial capacity of values of 0.91, 0.87, 0.86, and 0.96, respectively (Fig. 5(d)).
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These b-values close to 1 indicate a surface-controlled,
capacitive-dominated process, and the capacitive
contribution ratios are 73.68%, 80.25%, 83.03%, 84.99%,
and 90.53% at 0.1, 0.3, 0.5, 0.7, and 1 mV s™! (Fig. S23 in the
ESM), confirming the faster reaction kinetics of I, species
[43-45]. Consequently, the Zn-I, battery certifies great rate

290 mAh g! as the current returns to 1 A g=! (Fig. 5(e)).
Furthermore, on account of the four-electron conversion
mechanism, a constant twice capacity can be maintained for
Zn-I; batteries in ZSO-TMBr electrolyte compared to the ZSO
electrolyte. To demonstrate the effectiveness of the designed
electrolyte in practical applications, a ZSO-TMBr-based
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Figure 6. Low-temperature performance evaluation of ZSO-TMBr electrolyte. (a) Optical photos of ZSO and ZSO-TMBr
electrolytes at -18 °C for 2 h. (b) Cycling performance of Zn||Zn symmetrical cells and (c) CE plots of Zn||Cu cells at 1 mA cm™?,
1 mAh cm™?, and -10 °C. (d) Charge-discharge curves and (e) cycling performance of Zn-I, batteries at -10 °C. (f) Rate

capability of Zn-I, batteries at 1 A g1,

cell (6 x 8 cm?) was fabricated, featuring a loading mass of
5.73 mg cm™2 based on I (total Iz mass: 550 mg) (Fig. 5(f)
and Fig. S24 in the ESM). The discharge profile retains a
prominent 1.5 V plateau despite scaled-up dimensions (Fig.
5(g)). At 0.2 A g1, the cell delivers 160 mAh capacity with
83.7% capacity retention after 300 cycles, achieving an
energy density of 367.4 Wh kg™! based on the I active
material (Fig. 5(h); Fig. S25 in the ESM). These results
suggest the practical viability of this dual-side shielding
strategy in large-format devices.
3.5 Low-temperature performance
batteries

Since TMBr disrupts the H-bond network of the electrolyte,
it can lower the electrolyte’s freezing point, promising to
help Zn-I> batteries operate under low-temperature
conditions [46]. As shown in Fig. 6(a), both ZSO and ZSO-
TMBr electrolytes display excellent fluidity at room
temperature (25 °C). However, after being maintained at
-18 °C for 2 h, ZSO undergoes solidification, whereas ZSO-
TMBr retains liquid-state fluidity, stating its potential for
realizing low-temperature Zn-I» Dbatteries. Therefore,
electrochemistry performance measurements of batteries
with ZSO-TMBr were performed at -10 °C. It can be seen
from Fig. 6(b) and Fig. S26 in the ESM that the Zn||Zn
symmetric cells achieve stable cycling over 1000 h at 1 mA
cm2 for 1 mAh cm™2 and 1,400 h at 0.5 mA cm™2 for 0.5 mAh
cm™2, At the condition of 1 mA ¢cm™ for 1 mAh cm™, the
Zn||Cu cell maintains over 600 cycles with an average CE of

of Zn-I;

99.5% (Fig. 6(c)), accompanied by low polarization and
reversible Zn deposition/stripping in their voltage profiles
(Fig. S27 in the ESM). These results confirm that the ZSO-
TMBr electrolyte delivers certain low-temperature stability
and a role in hindering anode side reactions. When moving
to Zn-I; full cells, discharge plateaus of 1.5 V and 1.2 V
ascribed to the four-electron conversion mechanism remain
well (Fig. 6(d)), and the polarization in galvanostatic profiles
experiences no obvious increase. Besides, the cell could
deliver a stable capacity around 200 mAh gt at 1 A g™! over
4,400 cycles without capacity attenuation (Fig. 6(e)).
Importantly, the cell also possesses superior rate capability
with specific capacities of 200, 165, and 148 mAh g ' at 1, 3,
and 5 A g! (Fig. 6(f)), respectively, implying the fast ion
transport ability of the designed electrolyte at =10 °C. Even
at -15 °C, the Zn||Zn symmetric cell sustains 640 h of cycling
at 0.5 mA cm™2 for 0.5 mAh cm™, and the Zn-I; full battery
exhibits an initial capacity of 150 mAh g! with 250 cycles at
1 A g' (Fig. S28 in the ESM). Therefore, the dual-side
shielding function of ZSO-TMBr can be well maintained at
low-temperature conditions, make the Zn-I; batteries retain
four-electron redox chemistry and stable cycling, and also
adapt to cryogenic environments.

4 Conclusions

In summary, the TMBr additive with a dual-side shielding
function has been introduced into the electrolyte to
simultaneously stabilize the Zn anode and I, cathode. From
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the anode perspective, Br~ ions could participate in the
solvation structure of the electrolyte and reconstruct the H-
bond network, which facilitates the desolvation process of
Zn?* and reduces the activity of free H,0 molecules. This
synergistic effect enables uniform Zn deposition and
effectively restrains HER. For the cathode side, TMBr can
activate and stabilize of I+ by forming stable intermediate
products ((TM*)IBr and (TM*)(IBrz7)) through complexation
interactions, efficiently stabilizing high-voltage I/I*
conversion process. Consequently, high-performance four-
electron conversion-type Zn-I, batteries have been
successfully constructed: an initial capacity of 250 mAh g!
over 15,000 cycles at 3 A g! and an energy density of 367.4
Wh kg ! with a lifetime exceeding 300 cycles. Additionally,
the unique H-bond disrupting capability of TMBr also makes

the ZSO-TMBEr electrolyte possess low-temperature tolerance.

Consequently, at =10 °C, the Zn||Zn symmetric cell exhibits
cycling stability exceeding 1000 h, and the Zn-I full cell
delivers a capacity around 200 mAh g! over 4,400 cycles at
1 A g*L. This work provides new insights into the research of
four-electron aqueous Zn-I, batteries, promising to advance
the development of AZIBs energy storage systems.

Electronic Supplementary Material: Supplementary
material (please provide the brief detail of the ESM) is available
in the online version of this article at
https://doi.org/10.26599/NR.2026.94908914.
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Experimental

1 Materials

Zn foil (0.038 mm thick, > 99%) from SCI Materials Hub was used as anodes and Kochen Black (KB) (ECP-
600JD) conductive agent was provided from Japan. Carbon nanotube (CNT) was purchased from Nanjing
Suzhan Company (> 95%, 1-2 nm in diameter). ZnSO4-7H20 (99.99%) was bought from Macklin reagent.
ZnBrz (> 99.9%), iodine (Iz, 99%), and trimethylammonium bromide (CsHoN-HBr, TMBr, > 98%) were
supplied by Aladdin. Ti mesh (100 mesh) was obtained from Kang Wei Company. Glass fiber membranes
(GF/D and GF/A) were purchased from Whatman. 1-methyl-1-ethylpyrrolidinium bromide (PBr) was
obtained from Qingdao Aoli New Materials Company. Tetraethylammonium bromide (TEBr) was bought from
TCI Reagents. Unless the above specified, all other reagents and chemicals were purchased from Xilong

Science.
2 Preparation of solutions

ZS0-ZnBr, ZSO-TEBr, ZSO-PBr, and ZSO-TBBr solutions were respectively synthesized by adding 1.25 mmol
ZnBr2, 1.2 mmol TEBr, 2.5 mmol PBr, and 1 mmol TBBr into 5 mL 2 M ZSO electrolyte.

3 Materials Characterizations

Nuclear magnetic resonance (NMR) spectra were carried out on a Bruker Avance III 500 MHz instrument,
and D20 was used as the inner standard solvent to test 'H-NMR. Nicolet 6700 spectrometer with a mode of
Attenuated Total Refraction (ATR) was used to conduct the Fourier transform infrared spectra (FTIR) test.
Raman characterization was performed on a T64000 device with an excitation laser of 532 nm. Powder X-ray
diffraction (XRD) test was conducted on a Rigaku MiniFlex 600 X-ray diffractometer. X-ray photoelectron
spectra (XPS) were executed by an ESCALABMKII X-ray photoelectron spectrometer using an Al Ka source.
Structure and element analysis of electrodes was studied by a scanning electron microscope (SEM, S-4800)
with energy dispersive X-ray spectrometer. TU-1900 measurement instrument with ultraviolet-visible

spectrometer (UV-vis spectrum) was used to inspect the change of absorbance.
4 Computational Details

DFT simulations were performed using the freely available CP2K/Quickstep package!’l. Vacuum>20 A was
added to both surfaces to eliminate the interactions between images. The Perdew-Burke-Ernzerhof (PBE)
density functional with the Grimme D3 dispersion correction was used>*. The core electrons were
represented by Goedecker-Teter-Hutter (GTH) pseudopotentials®l. The Gaussian basis set was double-{with
one set of polarization functions (DZVP-MOLOPT-SR-GTH)!® 7], and the plane wave cutoff was set to 400 Ry.
The geometries were optimized by Broyden-Fletcher-Goldfarb-Shanno (BFGS) minimizer. For molecular
dynamics, OPLS-AA force field!® was generated to describe water and TMBr molecules. Open source Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)! was applied to drive molecular dynamics
calculation. NpT ensemble was applied with the temperature set to 300 K and pressure set to 1 bar. NpT
ensembles were used with the Nose-Hoover thermostat for temperature controlling and Parinello-Rahman

barostat for pressure controlling. Initial configurations were constructed according to the experiments and
13 / 282



Nano Research | Vol. XX, No. XX Firstauthor et al.

pre-equilibrated with 300 ps NVT and 700 ps NpT simulation. About 1 ns trajectory was generated to
compute the RDF and Hydrogen Bonds.

5 Electrochemical Characterizations

CR2025 coin batteries were assembled to conduct electrochemistry performance tests. The Zn-I» full
batteries were assembled by utilizing Zn foil (& = 12 mm), glass fiber (GF/D, & = 16 mm),
2 M ZnS04/2 M ZnSO4 + 0.5 M TMBr (ZSO/ZSO-TMBr), and SSCC/I; as anode, separator, electrolyte, and
cathode. For Zn||Zn symmetrical and Zn||Cu asymmetrical batteries, Zn foil and Cu foil were used as the
cathode, respectively, and Swagelok type cells were used as their battery devices. The pouch cell mainly
consisted of two pieces of cathodes (one piece size: 60 x 80 mm?, I, loading: 5.7 mg cm™, total mass =
550 mg), ZSO-TMBr electrolyte, glass fiber membrane (GF/A, 65 x 85 mm?), and Zn foil (60 x 80 mm?), and
vacuum sealed by aluminum-plastic film. Cycling performance, galvanostatic charge-discharge curves, and
rate performance were studied by a LANDt (CT3001A) battery test system. BioLogic VMP-300
electrochemistry station was used to measure cyclic voltammetry (CV) curves, linear sweep voltammetry
(LSV), chronoamperometry (I-t) curves, Tafel plots (TP), and electrochemical impedance spectroscopy (EIS).
CV curves were tested at 0.1, 0.3, 0.5, 0.7, and 1 mV s™! from 0.6 ~ 1.6 V, and EIS were performed in the
frequency range from 7 MHz to 100 mHz with an amplitude of 10 mV. LSV, TP, and I-t curves of Zn||Zn

symmetrical batteries were tested at 1 mV s™1, 10 mV min™!, and -150 mV.

(a) (b)
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E | 3
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z [ — & | ~ T~
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zs0
T : T s T

—T— T . T T T - T .
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Figure S1. Raman spectra of (a) ZSO with different concentrations of TMBr and (b) zoom in details around
the —-OH location.
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Figure S7. The partial enlarged details on cycling performance of Zn||Zn symmetrical batteries at (a, b)
1 mA cm™?/1 mAh cm™2and (c, d) 5 mA cm™2/5 mAh cm™.
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Figure S9. Charge-discharge profiles of Zn||Cu cells with (a) ZSO and (b) ZSO-TMBr electrolytes at
1 mA cm™2/1 mAh cm™ for the 29, 50%, and 100™ cycle.
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Figure S12. XRD patterns of Zn anodes after 20 cycles in ZSO and ZSO-TMBr electrolytes.

Figure S13. SEM images of Zn anodes after 50 cycles of Zn||Zn symmetric cells with (a, b) ZSO and (c-f) ZSO-
TMBr electrolytes.
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Figure S14. EIS of Zn||Zn symmetric cells with (a) ZSO and (c) ZSO-TMBr electrolytes. I-t plots in (b) ZSO and
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Figure S15. Soaking experiment of IBr in different-type ammonium salts solution, including TMBr, TEBr, PBr,
and TBBr. (a-d) Corresponding cation structures and (e) optical photos.

The part enclosed by the dotted line is the fluffy sediment formed at the bottom. The cloudy substance
indicates that precipitation is forming. The presence of black specks at the bottom of the container is not yet
completely reacted IBr due to the short soaking period (5 min).
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Figure $19. SEM and corresponding EDS-mapping images of I> cathode charged to 1.6 V in ZSO-TMBr

electrolyte.
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Figure S20. Binding energy of ICl and ICl2".
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Figure S21. Cycling performance of Zn-I; battery with ZSO-TMBr electrolyte at 5 A g*.

Figure S22. Optical photos and SEM images of Zn anodes after (a) 100 and (b) 1000 cycles in Zn-I; batteries.
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Figure S23. Simulative capacitive contributions at scan rates of (a) 0.1, (b) 0.3, (c) 0.5, (d) 0.7, and (e)
1 mV s, and (f) statistical histogram of calculated contribution ratio.
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Figure S24. Open circuit voltage (OCV) of Zn-I, pouch cell.
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Figure S25. The four regions’ divisions of the discharge process of the pouch cell.

We have divided the discharge process into four distinct areas: I, II, IIl and IV. Their average voltage is
calculated as the average of the highest and lowest voltages in the corresponding area. The voltages and
capacities of the four areas are shown in the table below. Here, the average voltage and capacity are
abbreviated as Vayg and C:

I 11 1 IV
Vg (V) 1.50 133 1.15 0.83
C (mAh) 48.60 19.50 81.60 11.30

According to the calculation formula of energy density (E): E = },(CxVayg)/m,
E = (1.50x48.60+1.33x19.50+1.15x81.60+0.83x11.30) x1073 Wh/ (550x107°) kg = 367.4 Wh kg!
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Figure S26. Cycling performance of Zn||Zn symmetrical batteries at 0.5 mA cm™2/0.5 mAh cm™2 and -10 °C.
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Figure S27. Charge-discharge profiles of Zn||Cu cells at =10 °C for the 1%, 100, and 400" cycle.
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Figure S28. Cycling performance of (a) Zn||Zn symmetrical batteries at 0.5 mA cm™2/0.5 mAh cm™ and (b)

Zn-I; batteriesat 1 A gt and -15 °C.
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Table S1. H-bond number per H20 molecule in ZSO electrolyte.
2MZnSO4s Number of H-bond H-bond donor H-bond acceptor

OH-OH: 0.802 Hz0 H>0
HO-H-0 1.603 Hz0 Hz20
OH-S04%" 0.266 H20 S04%

Table S2. H-bond number per H20 molecule in ZSO-TMBr electrolyte.

ZSO-TMBr Number of H-bond H-bond donor H-bond acceptor

OH-OH: 0.750 Hz0 Hz0
HO-H-0 1.500 Hz0 Hz0
OH-S042" 0.218 H20 S04%
OH-Br~ 0.045 H>0 Br-
HO-TM* 0.002 T™* H>0
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Table S3. Performance comparison of Zn-I, batteries with published literature.

Methods Current density/A g Cycling number Cyclingtime/h Ref.
Ni-Fe-1/ZS0-ZnBr; 10 10,000 400 [10]
ZSO-TAH 2 5,000 2,000 [11]
HC-Si02/21 m LiCl 0.422 400 606 [12]
ZS0-PyCl 10 10,000 600 [13]
0-B-C-N 8 9,000 675 [14]
ZS0/NaCl-0.2 HMTA 4 5,000 750 [15]
ZSO-TMBr 3 15,000 2,400 This
work
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