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Abstract

Zinc-iodine batteries (ZIBs) are considered a promising energy storage system, but are still plagued by low energy
density and rampant side reactions originating from active H,O molecules in the liquid electrolyte. Realizing the
coupled redox reactions within I'/1,/I" species, i.e., four-electron transfer reactions, is deemed an effective strategy
for boosting the energy density of ZIBs, which is mainly blocked by the rapid hydrolysis of nucleophilic I" ions. To
address these issues, urea with diamine ligand sites (-NH,) was introduced into the liquid electrolyte [urea
electrolyte (UE)] to achieve durable four-electron ZIBs. As demonstrated by the spectroscopic characterization
results, -NH, groups can bundle the active H,O molecules by reconfiguring the hydrogen bonds, and provide
additional electrophilic ligand sites for I" ions. Based on these advantages, both the side reactions on the Zn anode
and the I" hydrolysis reaction on the ,@AC cathode are remarkably mitigated, and four-electron transfer is realized
at low zinc salt concentrations. As a result, the optimized UE electrolyte effectively stabilizes the zinc metal anode,
and endows the |,@AC cathode with a high reversible capacity of 187.2 mAh g™ after 250 cycles at T A g". The
disclosed intermolecular force modulation strategy in this work will offer a comprehensive perspective for the
future design of liquid electrolytes for high-energy-density ZIBs.
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INTRODUCTION

The intermittency of clean energy and the non-renewability of fossil energy limit the sustainable
development of society, which also promotes the evolution of energy storage devices". Although lithium-
ion batteries are widely applied in energy storage, their inherent flammability and toxicity have not yet been
effectively addressed®”. Compared with lithium-ion batteries, zinc-ion batteries exhibit significant
advantages in terms of safety, environmental friendliness, and high ionic conductivity'. However, the
application of zinc-ion batteries was also plagued by the issues of zinc metal corrosion, hydrogen evolution
reaction (HER), and uncontrollable growth of zinc dendrites”, which can be ascribed to the unstable
electrolyte/electrode interface and active H,O molecules. For instance, heterogeneous solid electrolyte
interface (SEI) causes differences in ion deposition rate, leading to zinc dendrite growth, spontaneous H,O
decomposition at ~ 1.23 V, interfacial by-products, and zinc corrosion'”. Electrolytes, as the main medium
of ion transfer between the two electrodes and the precursor of SEI formation, are also key carriers that
influence the forces between H,O molecules. Electrolyte regulation engineering is an effective method to

11,12]

boost interfacial stability and modulate the activity of H,O molecules""".

Compared with other cathode materials, the multivalent state of iodine species allows zinc-iodine batteries
(Z1Bs) to achieve higher energy density"”. The working mechanism of ZIBs is greatly distinct from the
conventional zinc-ion batteries, which is featured with iodine redox reaction, corresponding to the solid-
liquid conversion process'!. Achieving the coupled redox reaction within I'/1/I" is the key route to realizing
four-electron ZIBs (4eZIBs), corresponding to a high theoretical energy density of 422 mAh/g".
Nevertheless, the electrophilic I* ions are highly susceptible to hydrolysis in aqueous electrolytes, blocking
the continuous electron transfer and iodine redox reactions"*'". Scientifically, nucleophilic reagents with a
stronger negative charge center than the OH  group, such as cyanide, interhalogen compounds, and
amines"”", can effectively capture the I* ion and enable consecutive iodine redox reaction. Additionally,
most electrolytes still require high concentrations of zinc salts to limit the active H,O molecules and realize
the 4eZIBs"">'"”. The basic criterion for exciting 4eZIBs at low zinc salt concentrations is both inhibition of I*
hydrolysis and reduction of H,O activity. Weakening of H,O activity can be achieved by disrupting the
hydrogen bonds network between H,O molecules or by regulating the solvation sheath, which, in essence,
changes the forces between H,O molecules®™. Among the functional groups capable of inhibiting I*
hydrolysis, the amine group is able to create typical hydrogen bonds with the hydroxyl group, blocking the
hydrogen bonds between H,O molecules™. Therefore, the amine group can be used as a nucleophilic site to
stabilize I* species and weaken the intermolecular forces within H,O molecules”.

Herein, urea with diamine groups (-NH,) serves as an additive to prepare liquid electrolyte [marked as urea
electrolyte (UE)] for 4eZIBs with low concentrations of zinc salts, and the internal action mechanism by
which -NH, groups in urea inhibit the H,O activity and I" hydrolysis is further revealed. According to the
spectroscopic characterizations and electrochemical test results, the introduction of urea effectively widens
the electrochemical stable voltage window of UE, suppresses the growth of interfacial by-products, reduces
the charge transfer impedance, and achieves the coupled redox reaction within I"/I,/I', which is beneficial to
raise the specific capacity and cycling stability of ZIBs. Owing to these merits, Zn//I,@AC batteries in UE
display a high discharge capacity of 187.2 mAh g after 250 cyclesat 1 A g

MATERIALS AND METHODS

Raw materials

Urea (99.5%), iodine (99.99%), zinc acetate [Zn(AC),-2H,0, 99.99%], Zinc sulfate [ZnSO,-7H,O, 99.995%],
ultra-high capacitance porous activated carbon (AC), and iodine monochloride (ICl) were purchased from
Aladdin Industrial. Conductive carbon black of Super P was sourced from Guangdong Canrd New Energy
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Technology Co., Ltd., while carboxymethyl cellulose (CMC) binder was purchased from Duoduo Co., Ltd.
All chemical reagents were used as received unless otherwise stated.

Preparation of cell

L@AC, CMC, and Super P (8:1:1, mass ratio) were used to prepare the cathode slurry. The 12 mm diameter
L@AC coated on graphite paper was the cathode. The anode electrode was zinc foil (diameter ~ 12 mm,
thick ~ 1 mm) and the separator was glass fiber membrane (diameter ~ 16 mm), and the CR2025-type coin
cells were assembled in the ambient atmosphere. The 1 M Zn(AC),-2H,O and 2 M ZnSO,-7H,O dissolved in
deionized water were used as blank electrolyte (BE). The 1 M Zn(AC),-2H,O and 2 M ZnSO,-7H,0O
dissolved in deionized water/urea (10/1, molar ratio) was used as UE.

Electrochemical measurements

Electrochemical measurements were conducted using 2025 coin-type cells. The electrochemical impedance
spectra (EIS), linear sweep voltammetry (LSV), and cyclic voltammetry (CV) measurements were
conducted on a Gamry (Interface 1010E) electrochemical workstation. The coin Zn||I, cells were operated
within the voltage range of 0.6 ~ 1.85 V.

Materials characterizations

Fourier infrared spectroscopy (FTIR) spectra of electrolytes were recorded by FTIR spectrometer (Shimadzu
Corporation, IR-TRACER-100), Raman spectra of electrolytes were recorded by Raman spectrometer
(Renishaw, inVia series), 'H and *C NMR of the electrolytes were recorded on 600 MHZ NMR (Bruker,
Avance NEO 600M). Contact Angle was recorded on Dataphysics (OCA25). Electrode was characterized by
X-ray diffraction (XRD, Cu Ka radiation, Rigaku, Smart Lab SE). The field emission scanning electron
microscope (FESEM, Thermo Fisher, Verios G4 UC) was used to analyze Zn deposition morphology.
Thermogravimetric (TGA, Clarus SQBT, TL9000) experiments heated the sample in a N, atmosphere at a
temperature range of 30-600 °C. X-ray photoelectron spectroscopy (XPS, Thermo Fisher, ESCALAB Xi+ or
K-Alpha+) was used to analyze the Zn anode and I cathode after 10 cycles.

RESULTS AND DISCUSSION

The stable existence of I" ions is the key to realizing the four-electron transfer reaction of ZIBs, which is
strongly influenced by the molecule activity and ligand environment in the electrolyte. As schematically
illustrated in Figure 1A, ICl can be rapidly decomposed in the deionized water to generate a black
precipitate of I, species through the following hydrolysis reaction (5ICl + 3H,0 — HIO, + sHC 1+ 2L, | )™
In sharp contrast, ICl can maintain chemical stability in the urea solution of UH3 and UH10 (molar ratio:
urea/H,0 = x/1, accordingly marked as UHx), demonstrating the effective inhibition of I' hydrolysis
reaction through the introduction of urea component with double -NH, group. This situation can also be
verified using ultraviolet-visible spectroscopy. It can be found that the absorption peak of I' (~ 445nm)
appears in the urea solution for ICl, while in H,O, the obvious absorption peaks of I,” (~ 355 nm) and I, (~
450 nm) [Supplementary Figure 1]”*. Figure 1B, Supplementary Figure 2 compared the Fourier transform
infrared (FT-IR) spectra of UE, BE, and urea solution, and the redshifts of -OH and -NH, groups indicate
that the molecule ligands generated between urea and H,O disrupt the initial hydrogen bonds within H,O-
H,O interaction™. As further verified by the Raman spectra of UE, BE, and UH1o
[Figure 1C and Supplementary Figure 3], the O-H stretching vibration of H,O exhibits three peaks within
3,100 ~ 3,700 cm’', including “network water (NW)” (3,224 cm™), “intermediate water (IW)” (3,378 cm™),
and “multimer water (MW)” (3,493 cm™)®. With the addition of urea, the NW/IW rich BE is converted to
an IW rich UE, manifesting the disruption and reorganization of hydrogen bonds within H,0-H,0, i.e., O-
H...O bonds are accordingly converted into O-H...N, N-H...O and N-H...N bonds. Meanwhile, the
redshift of C=0 (urea) in the Raman spectra of UE can be attributed to the combination of solvation effect
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Figure 1. (A) Dissolution and hydrolysis test of ICl in different component solvents (H,0, UH10, UH3); (B) FT-IR spectra of urea, UE and
BE solutions; (C) Raman spectra of UH10, UE and BE solutions; (D) Raman spectra of urea, UE and BE solutions; (E) BC and (F) 'H NMR
spectra of urea, UH10, UE and BE solutions. ICl: lodine monochloride; urea/H,O; FT-IR: Fourier transform infrared; UE: urea electrolyte;
BE: blank electrolyte; NMR: nuclear magnetic resonance.

and hydrogen bonds [Figure 1D]**".. Additionally, the coordination environment of BE, UE, UH10, and
urea solution was further characterized by the *C and 'H nuclear magnetic resonance (NMR) spectra
[Figure 1E and F]. As a result, the upfield shift of COO" groups reflects that solute anions are crowded into
the solvation shell, while the upfield shift of C=O (urea) implies that urea molecules are also crowded into
the solvation shell, suggesting partial H,O molecules are excluded from the solvation shell”. Similarly, the
upfield shift in the 'H spectra can also be ascribed to the synergistic effect of solvation structure and
hydrogen bonds.

The positive effect of hydrogen bonds reconfiguration on the zinc metal anode was evaluated by the linear
sweep voltammetry curves of Zn//stainless steel asymmetric cells to determine the electrochemical stable
voltage window of different electrolytes, which is always limited by the HER and oxygen evolution reaction
(OER). As clearly demonstrated by the oxygen evolution curves [Figure 2A] and hydrogen evolution curves
[Figure 2B], the reactivity of H,O molecules in UE is effectively suppressed and the energy barriers for HER
and OER are accordingly boosted, which can be attributed to the configuration change between urea and

29,30

H,O molecules through hydrogen bonds, and beneficial for the corrosion-free zinc metal anode*". Urea
inevitably brings about its own self-corrosion effect at the same time. The Tafel plot Supplementary Figure 4
clearly shows the magnitudes of the corrosion currents in the 2 M ZnSO, electrolyte and the electrolyte with
urea added. To alleviate its self-corrosion effect, we added zinc acetate to UE, which significantly reduced
the corrosion current. As expected, compared to the Zn anode after certain cycles in BE, no significant by-
products can be detected in the XRD pattern of the Zn anode in UE [Figure 2C], suggesting the inhibited
side reactions on the surface of the Zn anode. Figure 2D and E, Supplementary Figure 5 contrast the micro-
morphology of the Zn anode after certain cycles in different electrolytes, which helped to reflect the

reversibility of zinc deposition/stripping behavior. Notably, the dense and smooth surface of the Zn anode
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Figure 2. (A) Oxygen evolution curves and (B) hydrogen evolution curves of Zn//stainless steel asymmetric cells based on the linear
sweep voltammetry test at a scan rate of 0.5 mV s™; (C) XRD patterns of Zn anode after 10 cycles in UE and BE; SEM images of Zn
anode after 50 cycles in (D) UE and (E) BE; (F) Contact angles of UE and BE on the surface of Zn anode. XRD: X-ray diffraction; UE: urea
electrolyte; BE: blank electrolyte; SEM: scanning electron microscope.

in UE manifests the homogeneous zinc deposition behavior with negligible by-products [Figure 2D]. On the
contrary, chaotic mossy precipitates can be obviously found on the surface of the Zn anode in BE
[Figure 2E], which can be ascribed to the heterogeneous zinc deposition behavior and continuous side
reactions during the cycling process, always resulting in low zinc utilization and obstruction of Zn** ion
deposition path®"**. At the same time, through the cycling of the Zn//Zn symmetric cell, the gap in excellent
chemical and mechanical stabilities between the UE electrolyte and BE was further demonstrate
[Supplementary Figure 6]**.. The UE can be cycled for at least 150 h in long-term cycling, while the battery
with a rapid short circuit in the BE electrolyte was cycled for less than 70 h only. Supplementary Figure 7
clearly shows the difference in Coulombic efficiencies between UE and BE through the Zn//Cu cells, which
further proves the promoting effect of urea on the uniformity of zinc deposition"”. In addition, the contact
angle was further tested to judge the affinity and wettability of different liquid electrolytes on the surface of
the Zn anode [Figure 2F]"*. Owing to the differences in electrolyte components, the contact angle of UE on
the Zn anode is 61.5°, slightly smaller than that in BE (65.5°), which contributes to promoting the interface
stability and sufficient reaction between the Zn anode and liquid electrolyte.

XPS was conducted to qualitatively analyze the influences of different electrolytes on the interfacial by-
products of Zn anode [Figure 3, Supplementary Figures 8-10]. For the high-resolution Zn 2p spectra, the
relative areas of the Zn-O and Zn regions well reflect the degree of surface by-products and zinc corrosion
[Figure 3A]. Consequently, compared to the partition result of the Zn anode in BE [Figure 3B], the smaller
Zn-O region and the larger Zn region in UE demonstrate the effective inhibition of side reactions and zinc
corrosion”. Meanwhile, the presence of the Zn-N region can be mainly derived from the electrochemical
decomposition of urea, testifying urea is involved in the formation of SEI on the surface of the Zn
anode””**. Additionally, the larger area of ZnS region in high-resolution S 2p spectra [Figure 3C and D] and
the larger area of O-Zn region in high-resolution O 1s spectra [Figure 3E and F] further verify the severe
interfacial side reactions of Zn anode in BE, which is not conducive to the chemical stability of zinc metal.
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Figure 3. High-resolution Zn 2p spectra of Zn anode in (A) UE and (B) BE after 10 cycles; High-resolution S 2p spectra of Zn anode in (C)
UE and (D) BE after 10 cycles; High-resolution O 1s spectra of Zn anode in (E) UE and (F) BE after 10 cycles. UE: Urea electrolyte; BE:
blank electrolyte.

Supplementary Figure 11 presents the thermogravimetric curve of the L@AC composite tested in a N,
atmosphere from room temperature to 600 °C. Owing to the low sublimation temperature of I, the sharp
reduction in mass ratio before 350 °C can be attributed to the volatilization of the I, component fixed by the
activated carbon, indicating the accurate I, content in L@AC composite can be determined as 38.67 wt.%. In
order to check the electrochemical reaction mechanism of L@AC cathode in different electrolytes, the cyclic
voltammetry (CV) curves of Zn//I,@AC batteries in UE and BE were simultaneously implemented. As
shown in Figure 4A, there are two pairs of redox peaks for Zn//I,@AC batteries in UE, respectively
representing the I'/I, (1.25 V/1.375 V) and I/I" (1.7 V/1.75 V) redox couple, which can be determined as
4eZIBs. In contrast, there is only one pair of redox peaks for Zn//I,@AC batteries in BE, corresponding well
to the redox reaction between I and I, (1.25 V/1.375 V, Figure 4B). Similarly, Figure 4C displays the
galvanostatic charge/discharge curves of L,@AC cathode in different electrolytes within 0.6-1.85 V,
exhibiting a single redox plateau in BE and two redox plateaus in UE, which is well consistent with the
results of CV curves. Generally, more electron transfer means a higher specific capacity and operating
voltage platform, inducing a higher energy density of ZIBs. Profiting from the four-electron transfer
reactions of Zn//I,@AC batteries in UE, L@AC cathode in UE delivers high discharge capacity of 187.2
mAh g after 250 cycles at the current density of 1 A g, which is higher than that in BE [Figure 4D]. It is
worth mentioning that the initial higher discharge capacity in BE can be mainly attributed to the serious
side reactions of Zn(AC),-based electrolytes, such as OER and HER. Supplementary Figure 12 compares the
cycling performances of urea electrolytes with different concentrations to explain the influence of their
concentrations on battery performance. Urea at too low concentrations cannot completely inhibit the
hydrolysis of I', and urea at too high concentrations leads to excessive viscosity of the electrolyte. Similarly,
a high-concentration salt solution not only brings economic impracticality but also reduces the ionic
conductivity, resulting in a decline in battery performance [Supplementary Figure 13]. Figure 4E,
Supplementary Figure 14 compares the EIS curves of Zn//12@AC batteries after 50 cycles in different
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Figure 4. CV curves of |,@AC cathode in the electrolytes of (A) UE and (B) BE within 0.6-1.85 V at 0.1 mV s" (C) The 100th
galvanostatic charge and discharge curves of |,@AC cathode in different electrolytes within 0.6-1.85 V; (D) Cycling performances of
Zn//1,@AC batteries in different electrolytes at the current density of 1A g (e) Electrochemical impedance spectroscopy curves of
Zn//1,@AC batteries after 50 cycles in different electrolytes. CV: cyclic voltammetry; UE: urea electrolyte; BE: blank electrolyte.

electrolytes, as well as their impedance fitting graphs and equivalent circuit diagrams, to jointly reveal the
interfacial charge transfer behavior. Briefly, the semicircle at middle-to-high frequency regions corresponds
to the charge transfer impedance (R,,), the smaller radius of Zn//I,@AC batteries in UE manifests its lower
charge-transfer energy barrier, which conduces to promote the interfacial reaction kinetics to some extent.

To disclose the valence changes of L@AC cathode in different electrolytes, Supplementary Figures 15 and 16
respectively investigate the high-resolution C 1s and I 3d spectra at different charged/discharged states by
XPS technique. Semiquantitatively, compared with the discharged state, the binding energy of I 3d in UE at
the fully charged state delivers a more pronounced shift to a higher energy level
[Supplementary Figure 16A], which can be illustrated by the oxidation reaction of L@AC cathode from I to
I' during the charging process. For the L@AC cathode in BE, the shift of I 3d binding energy is relatively flat
[Supplementary Figure 16B], thereby suggesting the lower level of valence rise from I' to I,"**.
Supplementary Figure 17 provides a detailed schematic comparison of solvation structure and action
mechanism for I' species between UE and BE. In consequence, BE represents the classical hydrogen bonds
network, i.e., one H,O molecule forms four hydrogen bonds and cross-links with each other, and these
active H,O molecules are highly susceptible to hydrogen evolution and oxygen evolution reactions.
Meanwhile, the H,O molecule holds good nucleophilicity, while the I' species hold good nucleophilicity,
thus leading to the severe hydrolysis reaction within active H,O and I" ions, which seriously degrades the
cyclic stability of ZIBs. As a striking contrast, the introduction of urea molecules in UE acts as both a donor
and an acceptor of hydrogen bonds, which recombines the hydrogen bonds within the H,O-H,O bridges,
bundles part of active H,O molecules, and reduces the electrolyte reactivity of UE. Additionally, the -NH,
groups in urea molecule also possess superior nucleophilicity, which can compete with H,O molecules for
the existing I" ions, form covalent bonds with I' ions, and effectively block the hydrolysis reaction of I
species, thus realizing durable and stable 4¢ZIBs.
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CONCLUSION

In summary, urea with diamine ligand sites (-NH,) was introduced into the liquid electrolyte to block the
spontaneous hydrolysis reaction of I" species and achieve stable 4eZIBs. Based on the spectroscopic
characterization results of electrolytes, the urea molecules in UE serve as both donors and acceptors of
hydrogen bonds, which effectively reconstructs the hydrogen bond structure, weakens the electrolyte
reactivity, and acts as nucleophilic sites to inhibit the hydrolysis of I* ions. As expected, the optimized UE
electrolyte can not only enlarge the electrochemical stable voltage window, but also realize the coupled
redox reactions within I'/I/I* species. Benefitting from the four-electron transfer reactions in UE, the L, @AC
cathode exhibits a reversible discharge capacity of 187.2 mAh g” after 250 cycles at 1 A g’, and this
regulation strategy can provide a promising direction to design suitable electrolytes with low salt
concentration for high-performance 4eZIBs.
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