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In-Situ Construction of Fluorinated Solid-Electrolyte Interphase for Highly
Reversible Zinc Anodes

Abstract

Safe and low-cost aqueous zinc batteries offer a promise for energy storage. However,
dendrite formation and parasitic reactions of zinc anodes hinder the practical
application of this type of battery. In this work, guided by theoretical modeling, we
formulate a new low-concentration electrolyte to boost the reversibility and stability of
zinc anodes. Molecular dynamics simulations and first principle calculations reveal that
adding dimethyl sulfoxide (DMSO) into a Zn(TFSI) electrolyte can effectively
introduce TESI anions into the solvation sheath of Zn?*, of which the TFSI" anions will
be preferably reduced prior to zinc deposition, thus in-situ forming a ZnF»-rich
interphase on the zinc surface. It is experimentally verified that the fluorinated
interphase regulates the uniform zinc plating and stripping, thus suppressing the
dendrite formation, and effectively prevents the zinc anode from side reactions with the
electrolyte. As a result, the newly formulated electrolyte leads to highly reversible zinc
plating/stripping with an average coulombic efficiency of as high as 98.4% and enables
a zinc symmetric cell to achieve a long cycle life of over 2,000 h. More impressively,
when the DMSO-modulated electrolyte is applied to full cells, a zinc-polyaniline
battery can retain 87.9% of its initial capacity after 2,500 cycles at 2 A g”!, and a zinc-
activated carbon hybrid supercapacitor can stably cycle up to 20,000 times at 5 A g™!.

This work opens a new avenue for creating desirable solid-electrolyte interphase on the



zinc anode via facile electrolyte modulation, paving the way for development of high-

performance aqueous zinc batteries.
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1. Introduction

Widespread adoption of renewable energies (e.g., solar and wind power) requires safe,
efficient, and cost-effective grid-scale energy storage technologies to smooth out their
intermittency and fluctuation [ 1-3]. Rechargeable aqueous zinc (Zn) batteries (RAZBs)
hold tremendous potential for this application as Zn metal anode owns unique features,
including high specific/volumetric capacity (820 mAh g and 5855 mAh cm™), suitable
redox potential (-0.76 V vs. standard hydrogen electrode), earth abundance,
environmental friendliness, and low cost [4-9]. Moreover, when coupled with the non-
flammable and highly ion-conductive aqueous electrolytes, RAZBs display outstanding
rate performance and high safety compared with other counterparts [10,11].
Nevertheless, technological challenges arising from Zn dendrite growth, hazardous side
reactions (e.g., hydrogen evolution reaction), and unstable Zn/electrolyte interface
remain great obstacles for further development of RAZBs [12,13].

Thus far, various up-and-coming strategies have been proposed to address these
challenges confronted by Zn anodes, such as electrode structure designs [14—16],
electrode surface modifications [17-22], and electrolyte engineering [23—28]. Since the
electrode-electrolyte interface plays a determining role in the electrochemical process,
constructing a protective solid-electrolyte interphase (SEI) on the Zn surface is regarded
as one of the most promising approaches to improving the performance of Zn anodes
[29-31]. In general, an efficient SEI should allow facile, uniform Zn?* transport while

blocking the water penetration to the Zn surface. Meanwhile, high mechanical strength



is favored to further suppress dendrite growth. Of reported SEls, zinc fluoride (ZnF>)
has attracted considerable attention owing to its intrinsic attractive properties, i.e., high
Zn?" ionic conductivity, electronic insulativity, and high mechanical strength [32-35].
For instance, ex-situ coating ZnF»-based modification layer on the Zn surface using
electrodeposition and vacuum pyrolysis has been demonstrated effectively in
suppressing dendrite and side reactions of Zn anodes [32,35]. However, in addition to
the high cost and complicated experimental procedures, the ex-situ coatings usually
result in large thicknesses which may sacrifice the energy/power density and possess
limited adaptability during the cycling.

On the contrary, in-situ construction of a ZnF»-based SEI through electrolyte
modulation is more facile and therefore more attractive. For instance, in a water-in-salt
(WIS) electrolyte composed of 1 m Zn(TFSI)>+20 m LiTFSI (m: mol kg!), a Zn?" ion-
conductive and water-blocking fluorinated SEI layer was in-situ formed on the Zn
surface due to the decomposition of coordinated TFSI™ anions upon cycling, thereby
enabling a stable and highly reversible aqueous Zn anode[36]. Cao et al. designed a 4
m Zn(OTf), electrolyte modified with trimethylethyl ammonium salt, and the
synergistic reactions between OTf™ anion and trimethylethyl ammonium cation resulted
in the generation of ZnF>-based SEI on Zn anode [34]. Unfortunately, the intrinsic
disadvantages (e.g., high salt cost and reduced ionic conductivity) of highly
concentrated electrolytes hinder their practical application. In this regard, in-situ

formation of SEI in low-concentration electrolytes is highly desired. To this end, Chu



et al. added a small amount of KPF¢ into the electrolyte, which would decompose
spontaneously in aqueous environment and react with Zn metal to form a ZnF»-rich SEI
[37]. However, the SEI forming process is uncontrollable due to the spontaneous KPFs
hydrolysis in an aqueous solution and would last until all KPFs is consumed. Therefore,
it remains a challenge to in-situ construct a robust SEI in a non-concentrated aqueous
electrolyte to boost the Zn electrochemistry.

Herein, guided by the theoretical modeling, a ZnF> SEI is in-situ formed on the Zn
surface by formulating a new non-concentrated aqueous Zn(TFSI); electrolyte (1 M)
with dimethyl sulfoxide (DMSO) as the Zn*" solvation regulator, which exhibits good
chemical stability, high donor number (29.8), and low cost [38,39]. Molecular dynamics
(MD) simulations reveal that adding a small amount of DMSO into Zn(TFSI)2
electrolyte can significantly increase the portion of TFSI™ anions in the primary
solvation sheath of Zn?*, while density functional theory (DFT) calculations indicate
that the solvated TFSI™ anions will be preferably reduced before Zn deposition, leading
to the in-situ formation of fluorinated SEI layer on Zn surface. The solvation regulation
strategy in the low-concentration electrolyte endows excellent advantages over highly
concentrated electrolytes in terms of cost and ionic conductivity, and maintains good
self-adaptivity in long-term cycling compared with the decomposing additives which
undergo unstable reactions. Experimental results confirm that this functional
fluorinated SEI can effectively suppress water-induced parasitic reactions and

uniformize Zn** ion flux on the Zn anode, thus resulting in highly efficient Zn



plating/stripping and dendrite-free Zn deposition. It is demonstrated that the Zn anode
in the DMSO-modified electrolyte can sustain long-term cycling over 2000 h in the
symmetric cell without dendrite-induced short circuits. Furthermore, the DMSO-
modulated electrolyte enables stable operation of full cells paired with diverse cathode
materials, including polyaniline (PANI) and activated carbon (AC). This work not only
provides a facile and efficient electrolyte regulation strategy to in situ construct robust
ZnF»-rich SEI, but also offers fresh insights into electrolyte formulation for highly
reversible aqueous Zn anodes.

2. Results and discussion

Solvation structures of Zn>" ions play a crucial role in the electrochemical behavior of
Zn anode [40]. Hence, MD simulations were first performed to analyze the Zn**
solvation structures in pure Zn(TFSI); and Zn(TFSI)2-DMSO aqueous systems (Figure
la-c). In the pure Zn(TFSI), system, radial distribution functions (RDFs) show that the
primary solvation shell of Zn** is around 0.2 nm, which is composed of the Zn*-H>O
pair and Zn?*-TFSI pair. After the entire system was stabilized in the pure Zn(TFSI),
system, coordination number distribution functions (CNDs) reveal that there are 5.9
H>0 molecules and 0.1 TFSI anion in the primary solvation shell (PSS) of Zn>*. When
DMSO additive is introduced, a new peak of Zn-O originating from DMSO appears at
around 0.2 nm, indicating the participation of DMSO in the Zn?* solvation structure.
Then we further investigated the effect of DMSO content (volume ratio ranging from

15% to 70%, Figure S1) on the solvation structure. Note that the percentage of DMSO



thereafter is based on volume. It is found that the coordination number of the TFSI’
anion in the solvation sheath changes with the increase of the DMSO content, reaching
a maximum value of 0.6 when 30% DMSO is added. Considering the demand for
increasing the ratio of TFSI” in PSS, the 30%-DMSO system is employed for the
following investigations. To further analyze the effect of DMSO on the solvation
structure, we calculated the number of hydrogen bonds in the 30% DMSO modified
system and pristine Zn(TFSI)z electrolyte. Figure S2 shows that the number of hydrogen
bonds in the Zn(TFSI)-DMSO electrolyte is smaller than that in the pure Zn(TFSI).
system, reflecting that the DMSO is helpful to destroy the original hydrogen-bond
network inside the pure Zn(TFSI)2 environment since they can push some H>O out of
the PSS. Therefore, the introduction of the 30% DMSO into the aqueous Zn(TFSI)>
electrolyte can lead to a significant change in the Zn?" solvation environment from a
typical Zn*'[H20]so[TFSIJo.1 to Zn*[H20]s.1[TFSI]o.s[DMSO]Jo3, indicating that
DMSO can not only decrease the ratio of water but also increase the ratio of TFSI
anions in the Zn** solvation sheath.

To analyze the stability of the free and solvated species, quantum chemistry
calculations were performed by adopting a cation-solvent/anion complex model. As
shown in Figure 1d, the energy levels of the lowest unoccupied molecular orbital
(LUMO) of the free DMSO and TFSI anion are 0.75 and 0.32 eV, respectively. When
Zn** is coordinated with DMSO and TFSI', their LUMO energy levels are significantly

decreased to -2.75 and -2.81 eV, respectively. The lower LUMO levels of cation-solvent



or cation-anion complexes indicate that they are easier to receive electrons from the
anode than free solvent/anions. The predicted reduction potentials (Figure le) of the
free DMSO solvent (-1.92 V), free TFSI" anion (-2.44 V) and Zn**-DMSO complex (-
0.06 V) are lower than that of the Zn>'/Zn redox couple. Thus, the reductive
decomposition of free DMSO, free TFSI" and Zn**-DMSO can hardly occur before Zn
deposition, making it unable to form a protective SEI layer. In contrast, the Zn**-TFSI"
complex becomes reductively unstable with a reduction potential of +0.16 V (vs.
Zn**/Zn), which is further supported by the Mulliken charge analysis (Figure S3). It is
well known that the electrons could preferably transfer from the cation to the anion unit
and thus induce anion decomposition, based on the earlier reports that TFSI™ can be
reduced and react with Zn metal [33,36]. Therefore, it can be anticipated that this
reduction process generates a ZnF> SEI on the Zn surface.

ZnF; is a semiconductor with a direct band gap of 3.44 eV as calculated in Figure
S4. The ability for electron transfers from Zn to SEI was directly calculated from the
density of states (DOS) profiles by taking the difference between the conduction band
minimum and Fermi level (0 eV). As can be seen from Figure S5, the electron tunneling
barrier between the Zn metal to ZnF, dramatically increases from 0 eV (layer 1) to over
1.5 eV at layer 4, proving that ZnF> is especially effective in blocking electron transfers
from the Zn metal anode to the ZnF>-rich SEI layer. In addition, it is calculated that
ZnF> possesses a mechanical modulus of as high as 100 GPa, exceeding that of the Zn

bulk phase (75 Gpa), which can effectively suppress the growth of Zn dendrite. Note



that the growth of Zn dendrite mainly occurs at the interface between Zn anode and the
electrolyte in the initial cycling before the formation of the SEI layer. In this regard, the
interactive behavior between Zn crystals and molecules in the electrolyte containing
DMSO additives was investigated. Figure 1f compares the absorption energy (Eabs) of
DMSO and water on the Zn slab. It is found that the interaction between Zn slab and
H>O0 is quite weak with an absorption energy of -0.25 eV, while DMSO interacts with
Zn slab in a much stronger manner (Eabs = -0.63 eV) due to the short bond length of Zn-
O. The charge density difference (Figure 1g and h) also reveals that there are more
electrons transferred between the DMSO and Zn?" than that of the H,O system. These
results indicate that DMSO is prone to be absorbed on the Zn surface in parallel,
inhibiting the uncontrollable two-dimensional diffusion process and promoting more

uniform Zn nucleation and deposition during the initial cycles.
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Figure 1. (a) The MD snapshot of 1 M Zn(TFSI), with 30% DMSO. RDFs and CNDs
of Zn*"-groups pairs in (b) 1 M Zn(TFSI): and (c) DMSO-modified 1 M Zn(TFSI).. (d)
LUMO energy levels and (e) the predicted reduction potential with geometric structures
of the free TFSI" anion, free DMSO solvent, and Zn**-TFSI" and Zn>*-DMSO
complexes. (f) Adsorption energies of DMSO and H>O on Zn surface. (g) Charge
density differences of DMSO and (h) H2O adsorbed on Zn surface. The yellow section
and blue section represent the charge accumulation and charge loss, respectively.

The interactions among various species and Zn>" ions solvation structures in
DMSO-modified electrolytes were then experimentally verified by various spectrum
analyses. First, the interaction between DMSO and water molecules was probed using
Fourier Transform Infrared Spectroscopy (FTIR). As displayed in Figure 2a, pure water
exhibits a broad absorbance band located at 3000-3600 cm ™', which is ascribed to the
asymmetric O-H stretching in water molecules [41]. In the presence of the DMSQO, the
absorbance of the O-H band encountered an obvious red shift and a decreased peak
intensity, indicating the original hydrogen bond network in water is weakened owing to
the strong interaction between water and DMSO [42]. Figure 2b reveals that the S=O
band of DMSO is shifted from 1042 cm™ in pure DMSO to 1010 cm™ in the 30%
DMSO aqueous solution, which further proves the strong interaction between DMSO
and water molecules. With the addition of the Zn(TFSI),, the S=O band at 1010 cm!
moves to 1008 cm ™!, suggesting the existence of strong interaction between Zn*" ions

and DMSO. This is in line with the formation of metal-oxygen coordination between
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Zn*" ions and S=0O groups of DMSO as calculated by MD simulations. The interaction
between TFSI™ anions and Zn*" ions can be reflected by the FTIR bands of -SO3 and -
CF3 groups in TFSI™ anions which are proved to be sensitive to the cation—anion
coordination [43—45]. As shown in Figure 2c, in the presence of DMSO, the -CF3 group
of TFSI" anion displays an obvious blue shift from 1197 to 1192 cm™ and the -SO3 band
also shifted from 1325 to 1320 cm™'. These results demonstrate that the addition of
DMSO strengthens the interaction between the Zn** and TFSI" anions, resulting in an
increased fraction of solvated TFSI" anions with Zn?" ions in the DMSO-modified
electrolyte [46].

Furthermore, the deconvolution analysis of the Raman vibration mode of TFSI™
(Figure 2d) at the characteristic region of 730-760 cm™ unveils that the Raman band
consists of three modes at 740, 744, and 748 cm ™!, arising from free anions (FA), loose
ion pairs (LIP), and intimate ion pairs (IIP), respectively [44,47,48]. The calculated
fractions of FA, LIP and IIP in different solutions are displayed in Figure 2e. In pristine
Zn(TFSI), electrolyte, the majority of TFSI™ anions (43%) exist as the form of FA,
while LIP and IIP only account for 37% and 20%, respectively, suggesting the dominant
monomeric Zn species coordinated by water molecules. In contrast, cation-anion
coordination prevails in Zn(TFSI)-DMSO system, as evidenced by the significantly
increased IIP (28%) and LIP (49%) mode and corresponding substantially lowered free
anion fraction (23%). Owing to the intermolecular interactions, the coordinated TFSI”

anion in the solvation sheath is expected to preferentially accept electrons and generate
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the protective ZnF>-rich SEI on the Zn surface during the deposition as illustrated in
Figure 2f, which is also predicted by our DFT calculations. To verify the proposed
mechanism, linear sweep voltammetry (LSV) measurements were conducted at 5 mV
s"! employing Ti foil as the working electrode, and Zn foil as the reference and counter
electrodes. As displayed in Figure S6, the cell with DMSO-modified electrolyte
exhibits an extra discernible reduction peak at -0.05 V (vs. Zn*'/Zn) prior to Zn**
plating (around -0.08 V), which is ascribed to the reduction of the anions from the Zn*"—

TFSI” complex, consistent with our DFT simulation results.
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respectively. (e) Solvate species distribution in electrolytes (free anions, loose ion pairs
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and intimate ion pairs), obtained from the fitted Raman spectra. (f) Schematic
illustration of the formation of the anion-derived ZnF>-rich SEI on Zn surface.

The electrochemical performance of Zn anode in the newly designed electrolyte
was first investigated by Cycling Voltammetry (CV). From Figure 3a, it can be seen
that the ratio of reduction to oxidation current density in DMSO-modified electrolyte
is higher than that of its pristine counterpart, indicating that the reversibility of the Zn
plating and stripping is significantly enhanced in the presence of DMSO. The smaller
reduction current density in DMSO-modified electrolyte possibly originates from the
inhibited side reactions and the decreased ion diffusion coefficient as calculated from
MD simulations (Figure S7). Moreover, the redox potentials for both Zn deposition and
HER are negatively shifted, which may be attributed to the preferential adsorption of
DMSO on the anode surface and SEI formation from the reduction of Zn**-TFSI”
coordination[34]. Then chronoamperometry (CA) of Zn deposition at a constant
overpotential (-150 mV) is conducted in different electrolytes. Note that the current
density evolution in CA is an indicator reflecting the change in the actual surface area
of'the electrode [27,49]. As shown in Figure 3b, the current density of the Zn deposition
in the pristine electrolyte shows a monotonous increase trend during the whole period
of deposition (300 s), suggesting that the Zn>" ions experience a rampant lateral
diffusion aggregating at the nuclei and form dendrites which facilitates the fast growth
of the electrode surface area. In sharp contrast, the current density of Zn deposition in

the DMSO-modified electrolyte maintains a relatively constant value after the initial
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2D diffusion process (Figure 3c), manifesting that the deposited Zn in the electrolyte
with DMSO is relatively compact and uniform with minor increase in the surface area,
which confirms that the absorbed DMSO and formed SEI constrain the lateral diffusion
of Zn** ions.

Furthermore, the activation energy was measured to evaluate the energy barrier of
the Zn deposition in different electrolytes. Based on the Nyquist plots of Zn/Zn
symmetric cells under different temperatures from 308 to 328 K (Figure 3d and e) and
the corresponding fitting resistance results, the relationship between charge transfer
resistance (R.:) and the temperature is plotted in Figure 3f, which is in accordance with
the Arrhenius equation. Calculated results show that the activation energy (E,) of Zn**
deposition is reduced by 29% (from 59.4 to 42.2 kJ mol™) in the presence of DMSO.
Because the main barrier of Zn?" deposition originates from the Zn** de-solvation
process [50,51], the reduced activation energy indicates that the de-solvation process is
facilitated with the addition of DMSO. Figure S8 shows the contact angles of different
electrolytes on Zn surface. The aqueous Zn(TFSI): electrolyte displays a contact angle
of 81°, whereas it is lowered to 65° with the addition of DMSO, which indicates
weakened surface energy of DMSO-modified electrolyte [52]. The improved
wettability of the electrolyte is conducive to the uniform distribution of Zn>" ions on
the Zn surface, which is essential for uniform Zn deposition [53]. Additionally, the
DMSO-modified electrolyte exhibits a higher Zn*" transference number (0.47) than that

of the pristine Zn(TFSI): electrolyte (0.19) (Figure S9). A higher transference number
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means enhanced migration of the cations, which compensates for the decreased ion
diffusivity of Zn*' ions, inhibits anions diffusion and reduces the concentration
polarizations, which is also conducive to the uniform Zn deposition [54]. LSV
measurements in 0.1 M H2SO4 with and without DMSO were conducted to investigate
the effects of DMSO on HER. As shown in Figure S10a, the HER onset potential
(current density of HER reaches 1 mA cm™) in the bare 0.1 M H2SO4 is about -0.53 V,
while it is retarded to -0.63 V with the addition of DMSO. In addition, the current
density of the HER is significantly reduced in the presence of DMSO. These results
demonstrate that adding DMSO in the electrolyte can effectively suppress the HER side
reactions, thereby enhancing the stability of Zn electrodes. Furthermore, linear
polarization measurements were employed to evaluate the anti-corrosion performance
of Zn metal anode in different electrolytes. As displayed in Figure S10b, with the
addition of DMSO, the corrosion current density is reduced and the corrosion potential
positively shifts, indicating the improved corrosion resistance of Zn surface towards the
side reactions, which is attributed to the protective effect of DMSO and the in-situ

formation of SEI.
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Figure 3. (a) CV curves of Zn plating/stripping at a scan rate of 5 mV s™! (the fifth cycle).
The CA curves measured at an overpotential of -150 mV in symmetric cells with: (b)
pristine Zn(TFSI), electrolyte and (¢) DMSO-modified electrolyte. Nyquist plots at
different temperatures of the Zn symmetric cells with: (d) pristine Zn(TFSI); electrolyte
and (e) DMSO-modified electrolyte. (f) Arrhenius curves and comparison of activation
energies of Zn?* deposition in Zn/Zn symmetric cells with different electrolytes.

To directly visualize the effect of DMSO-modified electrolyte on Zn deposition,
home-made transparent symmetric cells (Figure S11) were assembled to in situ monitor
Zn plating behavior on Zn surface using an optical microscope incorporated with a
digital camera. The Zn plating was conducted at a current density of 2 mA cm™ for 2 h.
For bare Zn(TFSI); electrolyte (Figure 4a and Movie S1), sparse nuclei and protrusions
are clearly observed at the edge of the electrode after 2 min plating, which rapidly
evolved into porous Zn clusters and dendrites, evidencing the uneven nucleation and

electrodeposition. In sharp contrast, Zn nucleated uniformly and deposited compactly
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on the electrode without forming dendritic clusters in the DMSO-modified electrolyte
(Figure 4b and Movie S2). The in-situ observation confirms that the DMSO-modified
electrolyte effectively homogenizes nucleation and suppresses Zn dendrite growth on
Zn electrode.

The superiority of DMSO-modified Zn(TFSI): electrolyte for stabilizing Zn anode
was further evaluated in asymmetric and symmetric cells. The reversibility of Zn
plating/stripping was first assessed by measuring the coulombic efficiency (CE) in
Zn/Ti asymmetric cells adopting the “ion reservoir half-cell” protocol. As shown in
Figure 4c, the Zn/Ti cells with different electrolytes are first galvanically cycled to
diminish other effects (e.g., alloy formation and different electrode surface roughness)
at 1 mA cm 2 with an areal capacity of 1 mAh cm 2 and a charge cut-off voltage of 1 V.
Then, 1 mAh cm 2 of Zn (Qp) is subsequently electrodeposited onto the Ti foil as a Zn
reservoir, followed by cycling at a fixed capacity of 0.2 mAh cm 2 (Qc) at 1 mA cm™.
After n cycles (n equals 10 in this work), all removable Zn (Qs) on Ti foil is fully
stripped to a cutoff voltage of 1 V. The average CE could be obtained by the equation
CEawve = (nQc + O5)/(nQc + Op). Results reveal that the cell with DMSO-modified
electrolyte displays an average CE of as high as 98.4%, much higher than that using
bare Zn(TFSI); electrolyte (90.4%), indicating that the irreversible capacity loss of the
Zn plating/stripping stemming from side reactions is considerably suppressed in the
new electrolyte. Afterwards, Zn/Zn symmetric cells assembled with different

electrolytes were cycled at different current densities and areal capacities to further
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examine the cycling stability of Zn anodes. As presented in Figure 4d, the cell equipped
with the DMSO-modified electrolyte exhibits a lower voltage hysteresis (32 mV) than
that with the bare Zn(TFSI): electrolyte (41 mV) at 1 mA ¢cm 2 for 1 mA h cm™2 which
is ascribed to the reduced de-solvation energy consumption with the functional SEI.
Remarkably, the Zn(TFSI),-DMSO electrolyte enables the cell to sustain extremely
stable voltage polarizations for over 2000 h without internal short circuits, while the
cell with the pristine Zn electrode undergoes fluctuating polarizations and suffers from
short circuits only after around 50 h. When the current density is increased to 10 mA
cm 2 (Figure S12), the cell with the bare electrolyte becomes short-circuited after only
about 20 h, owing to the severe dendrite growth under a large current density. By
comparison, the addition of DMSO allows the cell to stably cycle for over 200 h (1000
cycles), indicating that the functional SEI effectively inhibits Zn dendrite growth and
side reactions. More impressively, the cell incorporated with DMSO-modified
electrolyte can still maintain stable operation over 300 h even under a harsher condition
(a high areal capacity of 5 mAh cm™ at 5 mA cm™), whereas its un-modified counterpart
can only operate for less than 50 h (Figure 4e). As summarized in Table S1, the Zn
anode in this study outperforms many previous works, confirming the contribution of
this newly formulated electrolyte in addressing the critical challenges of Zn anodes.
These results demonstrate that the addition of DMSO Zn(TFSI); electrolyte can boost

the reversibility and stability of the Zn anode.
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Figure 4. In situ optical microscopic observation of Zn plating/stripping processes in (a)

base Zn(TFSI), electrolyte and (b) DMSO-modified electrolyte on Zn electrode

employing symmetric transparent cells at 2 mA cm™. (¢) CE of Zn/Ti cells with bare

Zn(TFSI); electrolyte and DMSO-modified electrolyte. (d) Long-term galvanostatic
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cycling of Zn/Zn symmetrical cells with bare Zn(TFSI), electrolyte and DMSO-
modified electrolyte at (d) 1 mA cm?, 1 mAh cm™ and (e) 5 mA cm?, 5 mAh cm™.
Figure 5a and b display the morphologies of the cycled Zn anodes after 20 cycles
at 1 mA cm™. It is clearly seen that the Zn surface cycled in the bare Zn(TFSI),
electrolyte becomes mossy and dendritic (Figure 5al-a2), while a relatively smooth and
compact surface without apparent dendrite formation is found on the Zn electrode
cycled in DMSO-modified electrolyte (Figure 5b1-b2). As further evidenced by the
cross-sectional Scanning Electron Microscopy (SEM) images, obvious dendrites are
observed on the Zn surface in the absence of DMSO (Figure 5a3), which is inhibited
effectively when DMSO is added (Figure 5b3). These results demonstrate the
effectiveness of the newly formulated electrolyte in inhibiting Zn dendrite formation,
which is attributable to the in-situ formed SEI. To verify this hypothesis, Raman spectra,
Energy Dispersive Spectroscopy (EDS) mapping and X-ray photoelectron spectroscopy
(XPS) were implemented to experimentally probe the existence of the in-situ formed
SEI. The Raman spectra (Figure 5c) of the cycled Zn anode in DMSO-modified
electrolyte shows a sharp characteristic peak of ZnF> located at 520 cm™ [55], which is
not observed in Zn(TFSI); electrolyte, confirming that the cycled Zn surface is covered
with a ZnF> containing SEI. This is further verified by SEM images and EDS mapping
with uniform distribution of Zn and F elements as shown in Figure 5d. The surface
composition of the SEI formed on Zn electrode after 20 cycles was further analyzed by

XPS. As shown in Figure Se, before sputtering, there is a distinct peak of —CF3 species
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(688.8 eV) from either the incomplete reduction of TFSI™ or the trace salt on the Zn
surface, while a small peak of inorganic ZnF, at 684.7 eV is observed in DMSO
modified-electrolyte, resulting from the decomposition of anions of the Zn**-TFSI
coordination [45]. When the top layer of the interphase is removed using Ar" sputtering,
the peak of ZnF; is clearly detected. In sharp contrast, no apparent ZnF»> signal is
detected on the cycled Zn anode in pristine Zn(TFSI); electrolyte (Figure S13). It is also
noted that the signals of sulfide (e.g., ZnS) apparently appear as the Ar" sputtering time
increases (Figure S14a), further confirming the decomposition of the Zn**-TFSI
coordination and the involvement of decomposed species in the SEI formation.
Similarly, no apparent signal of the ZnS is found on the Zn anode cycled in the pristine
Zn(TFSI); electrolyte (Figure S14b). Both theoretical and experimental results confirm
that the addition of DMSO leads to the in-situ formation of a uniform ZnF»-rich SEI,
which could effectively homogenize Zn?* ions distribution on the Zn surface and block
the water molecules, thus inhibiting the Zn dendrite formation and hazardous water-

induced side reactions.
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Figure 5. Morphologies of cycled Zn electrodes in (al-a3) Zn(TFSI), and (b1-b3)
DMSO-modified electrolyte. SEI characterizations on the Zn electrode: (c) Raman
spectra of the cycled Zn electrode in Zn(TFSI), and DMSO modified electrolyte. (d)
Element mapping results of Zn surface cycled in DMSO-modified electrolyte with Zn
and F signal. (e) XPS spectral regions of F Is for the cycled Zn electrode in DMSO-
modified electrolyte as a function of corresponding Ar" sputtering time.

The practical application of the DMSO-modified electrolyte in aqueous Zn
batteries is then evaluated in full cells composed of a Zn foil anode and different
cathode materials, i.e, PANI and AC. The Zn/PANI full cells experience multi-step
intercalation/deintercalation of Zn>" and TFSI" (illustrated in Figure S15), respectively

[56,57]. The CV curves of Zn-PANI full cells with different electrolytes are displayed
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in Figure S16. There are two pairs of peaks which are ascribed to the
intercalation/deintercalation of Zn?* (Peak 1 and 2) and TFSI" (Peak 3 and 4),
respectively. The peaks separation of the Peak 1 and 2 is narrowed with the presence of
DMSO, suggesting that the reversibility of Zn?" insertion/de-insertion into PANI is
improved to some extent. The addition of DMSO shows minor effect on the TFSI”
process, evidenced by the similar potentials and slight difference in different
electrolytes, since the TFSI anions in aqueous solution are hardly solvated by the water
or other solvents [58,59]. Figure 6a shows the rate performance of the full Zn/PANI
cells with various electrolytes. It is found that the cell with the DMSO-modified
electrolyte delivers slightly higher discharge capacity than that with pristine Zn(TFSI)2
electrolyte under low current densities (0.2-2 A g'!), benefiting from the inhibited side
reactions and dendrite formation. When the current density increases to 5 A g!, the
discharge capacity becomes similar, which may result from the sacrificed ionic
conductivity. With the current density returning to a small current (0.5 A g!), the cell
with the DMSO-modified electrolyte maintains similar capacities with the initial cycles
while the cell using pristine electrolyte delivers lower capacity than initial cycles,
demonstrating the enhanced reversibility of the Zn anode in DMSO-modified
electrolyte. The charge-discharge voltage profiles under various current densities are
shown in Figure 6b. The cell with DMSO-modified electrolyte yields lower
polarizations than the cell with pristine electrolyte owing to the improved

electrochemical kinetics and suppressed side reactions. Figure 6¢ shows the long-term
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cycling performance of the batteries with different electrolytes. After 2,500 cycles at 2
A g, the Zn/PANI full cell with the DMSO-modified electrolyte still delivers a
reversible discharge capacity of 108.4 mAh g!, corresponding to a high capacity
retention of 87.9% or a capacity decay rate of as low as 0.005% per cycle, far surpassing
that of the PANI/Zn battery assembled with pristine Zn(TFSI)> electrolyte, which
retains only 60% of its initial capacity after 1500 cycles and suffers from internal short
circuits after about 1850 cycles. The detailed charge/discharge curves at different cycles
are displayed in Figure S17.

To further demonstrate the versatility of our electrolyte design for high-
performance Zn metal anode, Zn-ion hybrid supercapacitors (ZHCs) were further
constructed by using commercial AC as the cathode. The voltage profiles of the ZHCs
with DMSO-modified electrolyte cycled under different current densities from 0.2 to
10 A g'! are displayed in Figure S18. Even at a high rate of 10 A g”!, the ZHC can still
deliver a capacity of 63 mAh g'!, demonstrating an excellent rate capability. Figure S19
shows the CV curves of AC at a scan rate of 5 mV s™!. It can be seen that adding DMSO
into the electrolyte displays minor effects on the electrochemical performance of AC
cathode in terms of potential and shape of curves. This is because the TFSI™ anions
experience the adsorption/desorption processes during the charge and discharge process.
Remarkably, the ZHC with the new electrolyte displays an ultralong cycling life of
20,000 cycles with a high capacity retention of 84.2% at 5 A g (Figure 6d). By

comparison, the ZHC with pristine electrolyte exhibits a poor capacity retention rate

24



and short-circuits after only about 2,000 cycles as shown in the inserted graph of voltage
curves, indicating severe Zn dendrite growth during the cycles. The charge/discharge
curves at different cycles are shown in Figure S20.The outstanding performance of Zn-
PANI and ZHC full cells further proves the superior properties of DMSO-modified
aqueous electrolytes, which induces a favorable solvation structure and in-situ formed
robust SEI that boost the reversibility and stability of Zn anodes. Given the facile
preparation, the low concentration, and excellent electrochemical properties, the newly

proposed electrolyte holds great potential for practical applications.
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Figure 6. Electrochemical performance of Zn full cells. (a) Rate capability of Zn-PANI

cells (b) Selected charge/discharge profiles of Zn-PANI cell with DMSO-modified

electrolyte. Long-term cycling performance of the (c) Zn/PANI full cells at 2 A g™ and

(d) Zn/AC full cells at 5 A g\

3. Conclusion

In summary, a DMSO-modulated, non-concentrated Zn(TFSI), aqueous electrolyte is
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successfully developed for highly stable and reversible Zn metal anodes. MD
simulations and DFT calculations reveal that the addition of DMSO enables the
formation of a Zn?*-solvation sheath with the co-coordination of the DMSO solvent and
TFSI" anion. This anion participated in the Zn?" solvation sheath induces the
preferential decomposition of TFSI™ before Zn deposition, in-situ forming a ZnF»-rich
SEI layer on the Zn electrode, which regulates the uniform Zn plating/stripping and
effectively suppresses the side reactions. As a result, the Zn symmetric cell is able to
achieve an enhanced CE of 98.4% and maintain stable cycling over 2000 h.
Furthermore, Zn full batteries that coupled with diverse cathode materials (e.g., PANI
and AC) and the newly formulated electrolyte demonstrate remarkable cycling stability.
This work offers a facile yet effective electrolyte modulation approach to address the
critical challenges of Zn anodes, paving the way for the development of high-
performance rechargeable aqueous batteries. The strategy may also inspire the design
of efficient electrolytes for other rechargeable batteries.

4. Experimental section

4.1. Materials preparation

PANI nanorods (Figure S21) cathode material was prepared based on a given protocol
with minor modification [56]. Briefly, 0.365 mL of aniline monomer was added into 15
mL of 1 M HCI acid solution under string in an ice bath. After string for 30 min, 0.228
g of ammonium persulfate was dissolved in 5 mL 1 M HCl acid solution and added into

the prepared aniline solution dropwise under ice bath. The polymerization reaction
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lasted for 1 h under vigorous stirring, and the samples were obtained and cleaned by
centrifugation with deionized water and ethanol, and then dried at 60 °C overnight in
an oven. The DMSO-modified electrolyte was prepared by adding various amounts of
DMSO (99%, Sigma Aldrich) into the 1 M Zn(TFSI), aqueous solution (Zn(TFSI); salt,
99%, DodoChem). PANIand AC cathodes were prepared by blending 70 wt% PANI or
AC (XFNANO Materials Tech Co., Ltd), 20 wt% Carbon Black and 10 wt%
polyvinylidene fluoride (PVDF) and coating the slurry on carbon paper uniformly.

4.2. Materials characterizations

SEM (JSM-7100F (JEOL)) with EDS was used to observe the micro morphology of
the Zn foils. XPS (AXIS Supra, Kratos) was used to determine the chemical states of
the F1s element and S2p element of the Zn anodes. FTIR (Frontier NIR, PE) and Raman
(InVia, Renishaw) spectra were used to obtain the characteristic absorbance curve of
various electrolytes. Contact angles (Biolin Theta) were conducted to measure the
wettability of the electrolytes on Zn foil using droplets (4 pL) of electrolytes as an
indicator at room temperature.

4.3. Electrochemical measurements

Zn/Ti half cells, Zn/Zn symmetric cells and full cells (PANI-based AZBs and AC-based
ZHCs) were assembled by using CR2025 coin-type cells and as-prepared electrolytes
at room temperature. Electrodes were prepared by cutting Zn foils (thickness: 100 um),
Ti foils, PANI and AC cathodes with a diameter of 12 mm and, a piece of 18 mm glass

fiber filter (Whatman) was used as a separator, respectively. The operating voltage
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range of PANI-based AZBs and AC-based capacitors were 0.2-1.5 V and 0.2-1.8 V,
respectively. Galvanostatic charge-discharge cycling was recorded by a battery testing
system (Neware). CV test was conducted using a three-electrode configuration with
glassy carbon as the working electrode, Pt mesh as the counter electrode and Ag/AgCl
as the reference electrode. CV, EIS, CA and LSV were carried out on an electrochemical
workstation (SP-200, Bio-logic). EIS tests were performed from 107 to 10° Hz with an
amplified voltage of 10 mV.

4.4 Theoretical calculations

Dynamic simulations were performed by the GROMACS 2018.8 simulation package
with the AMBER99SB-ILDN force fields. Quantum chemistry calculations parts were
performed using the Gaussian 09 package. All the ab-initial calculations were
performed with the Vienna ab initio simulation package (VASP). Detailed simulation
configurations are included in supporting information.
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