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Zinc metal anodes suffer from unavoidable issues related to their charge—discharge stability (mainly
inducing uneven dendrite formation and unwanted side reactions between the electrode and
electrolyte), which lead to their inferior reversibility and hinder their commercial applications. Optimizing
the nucleation behavior to improve reversible Zn electrodeposition has been extensively studied, but the
poor cycling reversibility and additive cost remain challenging. Herein, an additive engineering approach
using fertilizer-derived N-methylthiourea was designed to regulate the Zn-electrolyte interface while
avoiding these problems. This sulfur-carrying urea molecule has a strong affinity for both Zn and Zn®*,
and it preferentially adsorbs on the Zn surface to delay water adsorption and controls the secondary
diffusion of Zn?* to stabilize the Zn/electrolyte interface, extending the hydrogen evolution potential to
—0.92 V. It also prolongs the induction time of Zn crystal formation, leading to uniform Zn plating/
stripping as well as dendrite formation suppression. Consequently, the electrochemical performance was
greatly improved in the Zn|Zn symmetric cell, showing a low overvoltage (40 mV) and stable cycling
performance (1000 h) at 1 mA cm™~2. Further, the Zn|V,05-C full-cell delivered a consistent capacity

Received 21st December 2022
Accepted 20th February 2023

DOI: 10.1039/d2ta09913f over 420 cycles with a coulombic efficiency of ~98.6%. This study demonstrates a new strategy for

rsc.li/materials-a metal—electrolyte interface stabilization that can be applied to practical metal-based batteries.

discharge reversibility because of the corrosion reaction and Zn
dendrite formation caused by the hydrogen evolution reaction

1 Introduction
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Li-ion batteries (LIBs), corresponding to various rechargeable
battery technologies, have achieved great commercial success in
portable electronics, electric vehicles (EVs), and grid-scale
energy-storage systems (ESSs) due to their excellent electro-
chemical performance."” However, technical challenges in
terms of their intrinsic safety and reliability, together with
concerns about limited lithium resources are driving the
development of new batteries.® From this point of view, lithium-
free Zn-ion batteries are attracting tremendous attention as
next-generation energy-storage devices because of their non-
inflammability, environmental compatibility, high theoretical
capacity (820 mA h g™* or 5850 mA h cm ), earth-abundant
material, low redox potential (—0.76 V vs. SHE), and Li-ion
battery manufacturing facility usability.*® Nevertheless, Zn-ion
batteries have the distinct disadvantage of a poor charge-
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(HER), electrochemically inactive by-products (ex. ZnO,
Zn(OH),, and ZnSO4[Zn(OH),];-xH,0), and non-uniform Zn
electrodeposition.”

Various strategies have been proposed in recent years to
improve the reversible performance of Zn-ion batteries,
including the use of artificial functional layers, separator
designs, and liquid- and/or solid-electrolyte engineering.®™**
First, artificial layers composed of a polymer or inorganic
composite restrict the contact between the electrolyte and the
Zn electrode and even induce Zn-ion transport, thereby
improving the coulombic efficiency and cycling
performance.®*° Second, a powerful multifunctional separator
can modulate the Zn-ion-transport behavior and simulta-
neously improve the Zn metal anode performance as a physical
barrier to the growth of Zn dendrites.””** Finally, a simple way
to adjust the chemical composition of the electrolyte can have
a direct and intrinsic effect on Zn-ion transport, interfacial
chemistry, dendrite-free Zn  deposition, and cell
performance.>*** The use of aqueous solution electrolytes for
Zn-ion batteries is advantageous in terms of safety and afford-
ability. However, it is also disadvantageous; alkaline electrolytes
with low hydrogen evolution potentials can produce zinc
hydroxide via hydrolysis and eventually passivate the Zn metal
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surface with inactive zinc oxide. Therefore, the Zn-ion batteries
currently under study use mildly acidic or neutral electrolytes to
alleviate the formation of passivation by-products. However,
this produces hydrogen gas during cycling and changes the pH
value of the electrolyte to alkaline, which promotes the forma-
tion of by-products on the Zn metal surface.”

Two alternatives (electrolyte additives and water-starved
electrolytes) have been proposed to alleviate the degradation
of battery performance using mildly acidic electrolytes, such as
the low coulombic efficiency due to hydrogen gas evolution and
by-product formation. These can shield the electric field with
heterogeneous Zn deposits and control the Zn-ion distribution
at the interface by electrostatic interactions. This can reduce the
free-water content and suppress side reactions, change the
solvated Zn structure, and promote to the growth direction of
the Zn crystal.>*” Organic additives have a significant effect on
the Zn metal surface stabilization. For example, the diethyl
ether polarity means it preferentially adsorbs on small-sized Zn
protrusions, thereby locally shielding the electric field and
blocking the electrodeposition of additional Zn ions.”® Some
positively charged amino acids and tetrabutylammonium
sulfate (TBA,SO,) were adsorbed on the Zn metal surface to
form a self-adapting Zn-electrolyte interface, which inhibited
water adsorption and led to uniform Zn deposition.”**° In
addition, sodium dodecyl sulfate (SDS), polyethylene glycol
(PEG-8000), cetyltrimethylammonium bromide (CTAB), and
dimethyl sulfoxide (DMSO) stabilizers for Zn plating could
improve the Zn metal surface by changing the crystal direction
of Zn electrodeposition and decreasing the corrosion.*
Except for electrolyte additives, the method used for controlling
the water content in the electrolyte can suppress side reactions
induced by water as well as the desolvation energy caused by the
interaction between water and Zn ions. A large number of
anions in the electrolyte with high concentrations of Zn(TFSI),,
Zn(ClO,),, or ZnCl, can migrate around the Zn ions to form
compact ion pairs, which can significantly alter the configura-
tion of the typical [Zn-(H,0)e]**, reducing the hydration of Zn
ions and the formation of a passivation layer.>**® In addition,
using a gel-type semi-solid electrolyte containing gelatin rather
than a liquid electrolyte is an effective method for improving
the electrochemical performance that works by weakening the
influence of water on the Zn metal anode.?”*

This study investigated the interfacial modulation effect of
fertilizer-derived ~N-methylthiourea (MTU) adsorption in
a mildly acidic electrolyte on the electrochemical properties of
Zn-ion batteries with the aim of suppressing dendritic Zn and
obtaining smooth deposits. As one of the various inorganic and
organic additives, including organic gelatin, polyethylene
glycol, thiourea, and ionic liquids, for Zn electrodeposition, the
easily available and inexpensive MTU acts in a manner similar
to leveling and brightening agents in Zn electroplating baths to
improve the physicochemical properties of Zn deposits.*** It
reduces the grain size, changes the default growth direction of
Zn crystals, and inhibits the formation of Zn nucleation on the
electrode surface by readily adsorbing to rapidly grow the
number of active sites through the coordination of sulfur
atoms. This implies that MTU could potentially be used as
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a functional additive to change the Zn electrodeposition
behavior. We believe that this study provides valuable infor-
mation for the further advancement of electrolyte additive
technology for the commercial application of metal-based
battery systems through restricting dendrite growth and
improving the solid-electrolyte interface (SEI) by regulating the
nucleation and crystal growth.

2 Experimental
2.1 Electrolyte preparation

An aqueous solution containing 1 M ZnSO, was used as the base
electrolyte. All the chemical reagents were analytically pure and
purchased from Alfa Aesar. The desired amount of N-methyl-
thiourea (MTU) (Fig. S11) was dissolved in base electrolyte as an
additive.

2.2 Synthesis of the V,05-C composite cathode

The V,05-C composite cathode material used in a full cell was
prepared by mechanical ball milling. A mass ratio of 8:2 V,05
and carbon black was ball-milled for 180 min at 300 rpm using
316 L stainless steel balls (diameters: 10 and 5 mm) in 80 cm®
steel vials under an Ar atmosphere.

2.3 Material characterization

The crystalline phases of Zn deposits were investigated by X-ray
diffraction (XRD; Rigaku SmartLab, Cu Ko radiation). The
morphology, microstructure, and composition were determined
by field-emission scanning electron microscopy (FE-SEM; Carl
Zeiss, SIGMA 500) combined with energy-dispersive X-ray
spectroscopy (EDS; Bruker, XFlash 6130). The chemical
composition of the surface was characterized by X-ray photo-
electron spectroscopy (XPS; Thermo Fisher Scientific, K-o, Al Ko
radiation). The interaction between the Zn ions and MTU was
characterized by Fourier transform infrared (FTIR) spectroscopy
(PerkinElmer Spectrum 100). The cells were disassembled using
a coin cell disassembly tool (Hohsen Corp.) after cycling to
investigate the Zn metal surfaces. The contact angle was
analyzed using an SEO Phoenix 300 system from an average of
five measurements performed by dropping 14 pL of the elec-
trolyte at different locations. Real-time experiments of Zn
plating/stripping were performed using a lab-made in situ
symmetric cell, and snapshots were recorded using a digital
camera-induced optical microscope (Siwon Optical, Dimis-M5).
The pH of the electrolytes was measured using an Ohaus Starter
2100 pH meter. The zeta potentials were measured using
a Malvern Zetasizer Nano ZSP. The viscosities were recorded
using an AND SV-A series viscometer. The ionic conductivities
of the electrolytes were established using a data recorder con-
sisting of two platinum electrodes (WTW Cond 3110).

2.4 Electrochemical measurements

Chronopotentiometry measurements were used to evaluate the
Zn plating/stripping properties in Zn symmetric cells at
a constant current density of 1 mA cm™ > using a battery cycler
(Maccor 4000). The cathode was prepared by mixing 80 wt%
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V,05-C composite, 10 wt% carbon black (Super P), and 10 wt%
PVDF-HFP in NMP to form a slurry. This slurry was coated on
304 stainless steel foil (12 um thickness) and dried at 60 °C for
3 h under vacuum to provide an electrode with a loading of
~4 mg cm™ % A coin cell (CR2032) was assembled using a Zn
metal anode, Whatman glass microfibers as a separator, and an
aqueous electrolyte. The galvanostatic charge-discharge tests
were performed at 100 mA g~ (with respect to V,05-C) within
the voltage window of 1.5-0.8 V vs. Zn"/Zn. The cyclic voltam-
metry (CV) testing was performed using a LANHE G340A battery
tester at various scan rates. Electrochemical impedance spec-
troscopy (EIS) was conducted using a PARSTAT 4000 apparatus
by applying a 10 mV amplitude signal in the frequency range of
10 kHz to 1 Hz. The impedance response was recorded after the
50th cycle and fitted using ZSimpWin software. The Zn ionic
transference number (th”) was calculated from chro-
noamperometry and EIS results using the Bruce-Vincent-Evans
equation. Potentiodynamic polarization and cyclic voltammetry
tests were performed on the ZIVE SP2 instrument using a three-
electrode system with Zn plate samples (or glassy carbon),
graphite (or platinum wire), and a saturated calomel electrode
(SCE) as the working, counter, and reference electrodes,
respectively. Linear sweep voltammetry was performed on the
cells using a PARSTAT 4000 potentiostat/galvanostat. The
working electrode was made of stainless steel, with the counter
and reference electrodes made of Zn. The scan rate was 1 mV
s

3 Results and discussion

The essence of this electrolyte additive strategy is to use the
electrostatic absorption of MTU to promote the formation of
a uniform interfacial layer on the Zn metal anode. The elec-
trolyte was prepared using 1 M ZnSO, as the base electrolyte,
followed by the addition of a series of MTUs (0.05, 0.1, and 0.5
M). These were no longer dissolved and became almost satu-
rated when the concentration of MTU reached 0.5 M in 1 M
ZnSO,-based electrolyte. All the electrolytes with MTU were
transparent liquids with flowability (Fig. S21). In addition, the
increase in the oxygen evolution reaction potential determined
by linear sweep voltammetry (LSV) at a scan rate of 1 mV s~ in
1 M Na,SO, electrolyte with MTU predicted the protective effect
of the MTU additive (Fig. 1a). The zeta potential of the Zn
particles increased from —14.9 to 20.2 mV with the addition of
MTU (Fig. 1b). This clearly confirmed the electrostatic absorp-
tion of MTU molecules on the Zn surface. The cyclic voltam-
metry (CV) curves of the Zn symmetric cells further illustrated
the self-adaptability of the MTU adsorption (Fig. S31). No
specific oxidation/reduction peaks were observed; this indi-
cated that a general capacitive absorption behavior occurred. It
could be expected that the self-adapting absorption properties
of MTU could influence the Zn plating/stripping reaction by
controlling the Zn anode interfacial charge. It was reported that
sulfur atoms in thiourea-derivative molecules can act as active
centers when adsorbed on the electrode surface, wherein the
adsorption intensity is related to the electron-donation ability of
the C=S bond and the resistance size of the substituent

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Linear sweep voltammetry using Zn-metal, graphite, and
SCE electrodes. (b) Zeta potential of Zn particles in DI water using
various MTU concentrations. (c) HOMO/LUMO diagram and molecular
structure of MTU.

group.** According to molecular orbital theory, molecular
activity is mainly affected by the highest occupied molecular
orbital (HOMO) and its surrounding molecular orbitals
(Fig. 1c). MTU is an easy additive for allocating electrons to the
vacant orbital of Zn metal because the methyl group (-CH,) is
an electron-donating group, which can increase the electro-
negativity of the sulfur atoms. In addition, replacement of the
H-atom of the methyl group in thiourea can extend the C-S
bond and promote the adsorption of the additive molecules to
the Zn metal surface through the C-S centers. Therefore, the
MTU, related to the thiourea substituted with a methyl group,
binds to the Zn deposit surface, which can contribute to sup-
pressing the formation of Zn dendrites by steric hindrance of
the methyl group as well as the electronic properties.

Linear sweep voltammetry analysis was performed at a scan
rate of 1 mV s~ in a three-electrode system using 1 M Na,SO,
electrolyte with and without MTU to confirm the reactivity of
MTU in interfacial adsorption (Fig. 2a). The onset potential of
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the lowest MTU concentration (approximately —1.8 V vs. SCE)
was much larger than that of the electrolyte without MTU.
Therefore, polarization by the hydrogen evolution reaction
(HER) increased, and water adsorption was relatively inhibited.
This result was confirmed by simple pH measurements;
whereby higher pH values facilitated potential hydrogen
evolution in Zn aqueous solution and increased the by-product
generation during the discharge process.*> However, MTU ten-
ded to have a lower pH value with increasing its content
(Fig. S4t). Meanwhile, the potentiodynamic polarization
measured at a rate of 5 mV s~ ' demonstrated that the corrosion
voltage of the MTU electrolyte increased from —0.95 V to over
—0.89 V vs. Zn**/Zn compared with the ZnSOj electrolyte, and
the corrosion current density (icorr) decreased from 0.976 to
0.974 mA ¢cm 2 (Fig. 2b). This indicated that the tendency for
corrosion reactions was low and the side reactions were miti-
gated. Finally, the impact of MTU adsorption on Zn nucleation
and growth was investigated through chronoamperometric
tests at a constant potential of —1.43 V (Fig. 2¢). Initially, a sharp
increase in the current was observed associated with the
formation and accumulation of Zn nuclei. Thereafter, the
current began to decrease owing to the depletion of active
species and/or superposition of growing Zn crystals. Moreover,
the maximum current (i) values were always greater than those
of the electrolyte with MTU, and the i, values decreased with
increasing the MTU concentration. This indicated that the
adsorption of MTU molecules could reduce the number of
active sites on the exposed electrode surface and prolong the
induction time for Zn crystal formation.** The chemical stability
and nucleation behavior of Zn in the electrolyte containing
MTU were further investigated through direct surface observa-
tion after Zn metal immersion for 5 days (Fig. 2d). Zn metal in
the electrolyte with 0.5 M MTU showed a relatively smooth
morphology compared with the ZnSO, electrolyte. This limited
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surface corrosion, and also displayed small, densely distributed
Zn nucleation growth after several cycles. Among other physical
properties, the surface tension of a material is closely related to
the affinity between the material and electrolyte, which can
directly affect the interfacial resistance and ionic conductivity.
The ionic conductivity of the electrolytes slowly decreased from
49.3 to 44.9 mS cm ™' as the MTU concentration in the electro-
Iyte was increased between 0.05 and 0.5 M (Fig. S51). The
viscosity of an electrolyte generally increases in proportion to
the concentration of the dissolved salt (Fig. S61). In addition,
the ionic conductivity decreased in the electrolyte with a high
concentration of dissolved salt, because the movement of ions
is slow in a high-viscosity solvent.** This is consistent with
previous results. That is, increasing the MTU concentration in
the electrolyte may increase the number of MTUs adsorbed on
the Zn metal surface for nucleation and dendrite control, as
shown in Fig. 2a-d; Conversely, there are relative advantages
and disadvantages of hindering the movement of Zn ions in the
electrolyte and limiting its kinetics, as shown in Fig. S5 and S6.7
However, as shown in these figures, an increase in the MTU
concentration from 0.05 to 0.5 M had only a small effect on the
increase in ionic conductivity. Therefore, a properly adjusted
MTU concentration in the electrolyte can maximize the Zn-ion
battery performance by optimizing the amount of MTU
adsorption on the Zn metal surface while reducing the effect of
the decreasing ionic conductivity. Fig. S7{ presents the chro-
noamperometry curve of the dummy cell (Zn symmetric cell) at
a polarization voltage of 10 mV, while Fig. S8t shows the
Nyquist plots before and after polarization. The Zn ionic
transference numbers (¢z,”') were 0.47 and 0.48 with and
without 0.5 M MTU electrolytes, respectively. The slightly lower
value for the MTU-containing electrolytes was probably due to
the Zn-ion-transport interference by the MTU, and this decrease
was responsible for the slightly lower ionic conductivity of the
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Fig. 2 (a) Linear sweep voltammetry, (b) potentiodynamic polarization (corrosion current densities are given in parentheses), and (c) current—
time transient results using glassy carbon, platinum wire, and SCE electrodes in 1 M ZnSQO,4 electrolyte containing various MTU concentrations. (d)
Surface morphology of Zn metal electrode soaked for 5 days in 1 M ZnSO4 electrolyte containing various MTU concentrations. (e) Photographs of
1M ZnSO4 + 0.5 M MTU electrolyte contact angles on the Zn metal electrode.
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electrolyte containing the MTU additive. Finally, the wetting
properties were investigated using contact angle analysis. After
dropping on the electrolyte with or without 0.5 M MTU (Fig. 2e),
the contact angles on Zn metal were 29° and 36°, respectively.
The easy change in the contact angle over time indicated that
MTU imparted a more zincophilic property to the electrolyte.
First, MTU was compared with thiourea (TU), and then the
optimal MTU concentration was determined by chro-
nopotentiometry at a current density of 1 mA cm > (fixed at
1 mA h em™?) using Zn symmetric cells (Fig. S9 and S107). The
0.05 M MTU concentration exhibited a stable charge-discharge
behavior during the first few cycles, followed by a short circuit
or overvoltage. However, this configuration was selected as the
optimal concentration for all the subsequent studies since the
electrochemical stability significantly increased with higher
MTU concentrations, showing the lowest overvoltage and long-
term stable cycling performance at 0.5 M. The cyclability of the
Zn electrode with the MTU additive (Fig. 3a) was significantly
extended, with stable cycling for over 1000 h, whereas the cell
with bare ZnSO, showed voltage fluctuation and short circuits
after 200 h due to severe side reactions. The Zn electrode with
the MTU additive maintained a low voltage hysteresis of 58 and
77 mV at current densities of 3 and 5 mA cm 2, respectively
(Fig. 3b). This resulted in a uniform Zn plating/stripping
behavior (Fig. S117). Fig. 3c shows the Zn plating/stripping
curves at current densities of 1-10 mA cm™ > The over-
potential increased only slightly without an internal short
circuit when the current density increased, offering excellent
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rate performance in the electrolyte with MTU. The electro-
chemical performance was further evaluated by electrochemical
impedance spectroscopy (EIS) measurements of the symmetric
cells collected after the 50th cycle at a constant capacity of
1 mA h em 2. The Nyquist plot suggested that one semicircle
was present, but there were two other smaller semicircles in the
high- and low-frequency regions corresponding to surface
resistance (Rsg;) and charge-transfer resistance (R.), respec-
tively (Fig. 3d). The Rsg; and R values for the symmetric cell
without MTU were 10.7 and 35.9 Q, respectively. This
phenomenon was ascribed to the continuous decomposition
reactions resulting from the contact between the Zn metal
surface and the electrolyte. In contrast, the cell with MTU
showed Rggy and R values of 3.2 and 5.8 Q, respectively. This
suggested that the MTU additive induced a stable formation of
the interfacial layer and enhanced the electron-transport effect
on the Zn plating/stripping layer.

X-Ray diffraction (XRD) and X-ray photoelectron spectros-
copy (XPS) analyses were performed on the Zn metal electrodes
after 10 and 50 cycles at a current density of 1 mA cm ™2 to
understand the uniformly dense interfacial layer of Zn metal by
MTU. The diffraction peaks showed the phases assigned to Zn
(P63/mc, ICDD no. 87-0713), ZnO (P6;mc, ICDD no. 80-0075),
and Zn(OH), (P2,2424, ICDD no. 76-1778), regardless of the use
of MTU in the cell (Fig. S12 and S13%). The phases associated
with the Zn passivation layer or dendrites exhibited no other
obvious differences, except for the magnitude of the ZnO and
Zn(OH), reflection intensities. Therefore, ex situ XPS was used
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with a cell capacity of 1 mA h cm
with a capacity of 1, 3, 5 mA h cm™~2 after 10 cycles. (c) Rate performance
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MTU electrolyte at current densities of 1, 3, 5, and 10 mA cm™2 with a fixed capacity of 1 mA hcm™

(a) Chronopotentiometry results for Zn symmetric cells in 1 M ZnSQy, electrolyte and 1 M ZnSO,4 + 0.5 M MTU electrolyte at 1 mA cm™
. (b) Detailed voltage profiles for Zn symmetric cellsin 1 M ZnSO4 + 0.5 M MTU electrolyte at 1, 3, 5mA cm™

2
2

of Zn symmetric cells in 1 M ZnSO, electrolyte and 1 M ZnSO4 + 0.5 M
2. (d) Electrochemical impedance spectra of Zn

symmetric cells in 1 M ZnSO4 electrolyte and 1 M ZnSO4 + 0.5 M MTU electrolyte after 50 cycles.

This journal is © The Royal Society of Chemistry 2023

J. Mater. Chem. A, 2023, 11, 6403-6412 | 6407


https://doi.org/10.1039/d2ta09913f

Published on 21 February 2023. Downloaded by Hanyang University on 4/17/2024 5:06:24 AM.

Journal of Materials Chemistry A

to determine the detailed chemical composition of the Zn metal
electrode surface after 10 cycles. The high-resolution Zn 2p, O
1s, S 2p, and N 1s spectra are presented in Fig. 4a. The Zn 2p
spectrum of the Zn metal electrode using MTU showed
symmetric Zn 2p;, and 2p,/, doublets associated with Zn(0)
without a shift of the binding energy, and Zn>" poor shoulder
peaks related to ZnO (or Zn(OH),) at high binding energies.*>*®
While the Zn>" shoulder was larger and more distinct in the Zn
metal electrode without MTU. This indicated that MTU helped
inhibit the formation of ZnO (or Zn(OH),) connected to Zn
dendrites.*”** Further, the asymmetric O 1s spectrum was
resolved into the peaks of Zn-O, H-O, and S-O bonds at 533.5,
532.5, and 532.2 eV, respectively.* The deconvoluted spectra
may have originated from the Zn dendrites, adsorbed water,
residual electrolyte salt, and MTU on the Zn metal surface. The
Zn metal electrode using MTU showed decreases in the Zn-O
and H-O bonds, probably due to the formation of relatively
small dendrites and an increase in the S-O bond associated
with MTU adsorption on the Zn metal surface. This was
confirmed in the S 2p and N 1s spectra.’®** The amount of
sulfur-related substances on the Zn metal surface (besides the
ZnSO, salt in the electrolyte) was relatively high due to the
adsorption of MTU. This was verified by the N-C and N-H
bonds at 399.4 and 402.5 eV, respectively, in the N 1s spectra.>
To further investigate the interaction between Zn ions and
MTU, FTIR spectroscopy of the electrolyte was attempted after
50 cycles (Fig. S141). The peaks at 1092, 1634, and 3242 cm ™"
were associated with the absorption of SO,>~, bending vibration
of adsorbed water, and -NH stretching vibration,
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respectively.”>>* The absence of shifts in these peak positions
after cycling indicates that the MTU is stable in the electrolyte
without any reaction or decomposition by charging and dis-
charging. Scanning electron microscopy (SEM) analysis after
cycling and in situ optical visualization provided direct evidence
for the effect of MTU additive on Zn metal in the electrolyte (in
a lab-made cell, Fig. S15t). Non-uniform Zn dendrites in the
shape of thin hexagonal platelets were formed on the Zn metal
electrode without MTU in the surface SEM image of the Zn
metal electrode after 150 cycles for the symmetric cell at 1 mA
cm? (Fig. 4b). Even cell swelling occurred owing to the increase
in pressure caused by the evolution of hydrogen gas and
damage to the generated battery. In contrast, the Zn metal
electrode containing MTU exhibited a change in the surface
interfacial layer, which covered the surface with particles as
small as 100 nm. In addition, even when the current density was
increased to 3 mA cm 2 (Fig. S161), the Zn metal surface was
uniformly blanketed with small non-hexagonal particles with
a size of ~200 nm. This change could be clearly confirmed in
the real-time cycling electrode cross-sectional optical photo
(Fig. 4c). In the absence of MTU, bubbles were generated by
hydrogen evolution, and the electrode interface was changed to
a rough and thick passivation layer owing to excessive dendrite
formation. Meanwhile, the Zn metal electrode using MTU
showed a uniformly dense passivation layer between the elec-
trolyte and the Zn metal electrode (Fig. S171). Based on the
research findings, the role of the zinc/electrolyte interface
reaction in the use of MTU additive is illustrated in Fig. 4d. In
the 1 M ZnSO, electrolyte, many active H,O molecules are
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generated at the interface between the Zn metal and electrolyte,
causing corrosion of the Zn electrode and growth of insulating
by-products, finally inhibiting the reversible Zn plating/
stripping. Conversely, introducing MTU with strong adsorp-
tion energy prevents the easy access of H,O molecules to the Zn
surface and suppresses the unwanted side reactions generated
at the interface. Additionally, adsorbed Zn>* ions during
nucleation can limit the lateral diffusion behavior along the
surface.

The effect of MTU adsorption at the electrode interface was
evaluated by monitoring the open-circuit voltage decay that
occurred by discharging a fully charged Zn|electrolyte with or
without MTU|V,05-C full-cells after 48 h of rest. A current
density of 100 mA g~ was used in the potential range of 1.5-
0.8 Vvs. Zn**/Zn. The XRD pattern of the V,05-C cathode used
for the evaluation is shown in Fig. S181 and the corresponding
SEM images are shown in Fig. S19.7 The cell using MTU elim-
inated the direct contact between the active Zn metal and the
electrolyte and suppressed the interfacial side reactions (H,
evolution and dendrites) during storage, thereby maintaining
94.9% of its original capacity (Fig. 5a). Meanwhile, it exceeded
72.9% in the Zn metal where MTU was not adsorbed. This
phenomenon was presumed to be due to the formation of
a stable interfacial layer where the Zn surface was functional-
ized by stable and favorable Zn** transport, which promoted
reversible Zn stripping/plating. In the full-cell evaluation to
confirm the practical use of the MTU additive, the first
discharge and charge capacities at 100 mA g ' of the
Znlelectrolyte|V,05-C full-cell to which MTU was applied were
220 and 210 mA h g™, respectively, and showed similar values
even in the absence of MTU (Fig. 5b). The cycle performance
stability of the cell with MTU delivered a consistent capacity
over 420 cycles with a coulombic efficiency of ~98.6%. In
contrast, the capacity of the cell without MTU sharply decreased
to 83.9 mA h g~ (capacity retention <48%) after 300 cycles,
which mainly blocked Zn®" interfacial transport by the

-
o
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formation of an insulating passivation layer, resulting in a large
polarization. Moreover, the cell with MTU exhibited only
a slight overpotential change during cycling at a high current
density (1000 mA g~ '), and delivered considerable stability with
a capacity retention of 92.8% and a coulombic efficiency of
99.7% for 300 cycles (Fig. S207). This implied that the genera-
tion of a stabilized passivation layer could significantly increase
the amount of charge passing through the cell. The feasibility of
using MTU as an electrolyte additive for power-type Zn-ion
batteries was further demonstrated by the rate capability of
the cell. The cell containing MTU exhibited superior capacity
characteristics with stable cycling compared to the cells without
MTU at all current densities (Fig. 5¢ and d). There was only
a slight increase in voltage in the cell with MTU when the
current density was increased from 100 to 3000 mA g ' In
contrast, there was a substantial increase in the voltage in the
cell without MTU with the rising current density. In particular,
the cell with MTU displayed a storage capacity of 106 mA h g~*
at 3000 mA g~ ', which was approximately five times that of the
cell without additives. In addition, the cyclic voltammetry (CV)
curves of the V,05-C full-cell were measured at a scan rate of
0.1-0.5 mV s ' and voltage range of 0.8-1.5 V vs. Zn*"/Zn
(Fig. S217%). Two well-separated redox peaks were exhibited at
~0.92/0.94 V and ~1.02/1.22 V. As the scanning speed
increased, the distinct cathodic and anodic peaks did not coa-
lesce and the full cell with MTU electrolyte exhibited smaller
voltage gaps between the redox peaks. This indicated the better
kinetics for Zn insertion and extraction. It was noteworthy that
the stable passivation layer promoted a higher capacitive
contribution to the Zn anode, resulting in fast electrochemical
kinetics (Fig. S227). The cells with MTU displayed higher Zn>'-
diffusion coefficient values than the cells without MTU over
most of the charge process. This strongly suggested that the
stable passivation layer created by the adsorbed MTU improved
the kinetics of Zn-ion diffusion in the cell, leading to an excel-
lent electrochemical performance.
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Fig. 5 (a) Storage performance in electrolytes with and without MTU by full discharge after 5 cycles at 100 mA g~* and after 24 h rest at 100%

charge. (b) Cycling performance including coulombic efficiency at 100

mA g7, (c) rate capacity and cycling retention, and (d) voltage profiles of

full cell using V,0O5—C composite cathode in 1 M ZnSO4 electrolyte and 1 M ZnSO4 + 0.5 M MTU electrolyte.
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4 Conclusions

In summary, this is the first study to demonstrate an approach
for achieving highly reversible Zn anodes by modulating the Zn
metal interface via fertilizer-derived MTU adsorption. The
adsorbed MTU molecules were induced to reduce the number of
active sites on the electrode surface and prolong the induction
time of Zn crystal formation. This resulted in the uniform
deposition of Zn>" ions on the Zn metal surface. In addition, the
stable interfacial layer created by MTU adsorption greatly
inhibited the side reactions and dendrite growth between the
electrolyte and Zn metal. With this interface modulation, the
symmetric cell in the electrolyte with MTU achieved stable
cycling for 1000 h with a low polarization of 40 mV at 1 mA cm >
and a capacity of 1 mA h cm™>. Moreover, Zn|V,05-C full-cells
with the MTU electrolyte exhibited remarkable electro-
chemical reversibility, with a high-capacity retention of 98.6%
for 420 cycles. This strategy is very effective in regulating metal
nucleation and suppressing hydrogen evolution in aqueous
electrolytes, and can help solve the dilemmas caused by the
intrinsic properties of polyvalent metal anodes.
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