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Aqueous zinc metal batteries (ZMBs) have attracted increasing attention in the past decades owing to their
potentially low cost and non-flammability. However, the poor Coulombic efficiency (CE) and short lifespan
caused by side reactions (e.g., Hy evolution) and dendrite growth limit the practical applications of ZMBs. Given
that Hy evolution is primarily originated from solvated water, here, a low-cost acetate-based electrolyte
constituted by 1 m ZnAc; and 5 m KAc in an 80:20 water:trimethyl phosphate (TMP) (v/v) mixture is proposed to

minimize solvated water and boost the electrochemical performance of aqueous ZMBs without compromising
intrinsic advantages of the aqueous electrolyte. The relatively high abundance of Ac™ enables preferential co-
ordination with Zn?*, meanwhile, the addition of TMP not only further replaces water molecules in the inner
solvation shell, but also significantly interrupts the H-bond network of water. Improved electrochemical per-
formance are demonstrated in Zn||Zn and Zn||Cu half-cells and Zn||I, full cells.

1. Introduction

Lithium-ion batteries (LIBs) are largely employed in portable elec-
tronic devices and electrical vehicles, due to their relatively high energy
density [1,2]. However, the organic electrolyte employed in LIBs not
only poses safety hazards due to its flammability, but also makes LIBs
relatively expensive [3,4]. In this regard, aqueous batteries are consid-
ered as a promising alternative to LIBs for grid-scale energy storage
systems because of their intrinsic advantages of low production cost,
high safety and environmental friendliness. Among the possible aqueous
battery chemistries, e.g., Na-, K- and Mg- based batteries, zinc metal
batteries (ZMBs), allow the direct use of zinc metal as anode. The Zn
metal anode features high specific capacity (820 mAh/g) and low redox
potential close to the cathodic limit of aqueous electrolytes (—0.763 V
vs. SHE), resulting in relatively high energy density of ZMBs [5]. The
major issue impeding the practical application of rechargeable ZMBs is
the poor reversibility arising from the H; evolution and other associated
parasitic reactions occurring at the zinc metal anode [6,7]. As a result,

battery failure occurs due to electrolyte and/or electrode depletion.

In a typical zinc aqueous electrolyte, Zn?" is solvated by six water
molecules to form a hydrated zinc ion, [Zn(H20)6] 2+, According to the
current understanding, Hy evolution is primarily originating from sol-
vated water rather than the free-state water molecules [8]. Therefore,
efforts have been devoted to minimizing solvated water molecules in the
aqueous electrolyte to suppress the corrosion reaction and the associated
H; evolution. Organic co-solvent represents one of the most promising
strategies to minimize Hy evolution, expand the electrochemical sta-
bility window, and in some cases, regulate Zn deposition behavior.
These organic compounds are capable of replacing water molecules in
the inner solvation shell due to their ability to coordinate Zn?>* more
strongly than water. However, in most cases, such co-solvents (e.g., N,N-
dimethylformamide [9] and diethyl carbonate [10]) are flammable and
required in large quantity, which will significantly compromise the
safety advantage of aqueous electrolyte.

Water-in-salt electrolytes (WiSEs) are another emerging strategy to
reduce water reactivity to boost zinc metal anode reversibility [11]. The
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high anions population forces them into the vicinity of Zn?* to form
close ion pairs that significantly exclude water molecules from the Zn?*
solvation shell. Examples of WiSEs for ZMB include ZnCl,, water-in-
bisalts electrolytes involving imide-based [12], acetate-based [13] and
perchlorate-based electrolytes [14]. On the other hand, WiSEs require
large quantity of (potentially) expensive zinc salt, thus, improved elec-
trochemical performance is achieved only at high costs. In addition, the
high viscosity and low ionic conductivity of WiSEs leads to high over-
potentials and poor rate performance [4,15]. Thus, it is still challenging
to effectively minimize solvated water in aqueous Zn-based electrolytes
without significantly compromising their intrinsic advantages of low-
cost, safety and high ionic conductivity.

In this work, a moderate concentration electrolyte with non-
flammable components is developed to control the Zn%* solvation
structure. Specifically, trimethyl phosphate (TMP) is proposed as co-
solvent in an acetate-based mixture of 1 m ZnAcy; and 5 m KAc. TMP
had been already studied as coordination agent for Zn ions but, in most
cases, in combination with zinc triflate or perchlorate [2,16-18]. The
presence of synergistic effects with salts based on hydrophilic anions
such as acetate, that can coordinate both water and Zn?", has not been
investigated so far. In our case, the addition of 5 m KAc increases the
population of Ac anions in the electrolyte, as a result, Ac anions coor-
dinate with the Zn®" and the solvated water molecules in the inner
solvation shell is reduced. Additionally, the flame-retardant TMP co-
solvent not only takes part in the Zn?* solvation shell, but also in-
terrupts the H-bond network. Due to the synergistic effect of the salt
anions and co-solvent molecules on the Zn>" solvation structure, the
solvated water is significantly minimized in the electrolyte, suppressing
Hj evolution and parasitic corrosion reaction of the zinc metal anode.
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Since acetate salts are low cost (see Figure S1) and eco-friendly [4,19],
and only modest amounts of salts (1 m ZnAcy and 5 m KAc) and cosol-
vent (20 % in volume) are employed, it is expected that the production
cost of the designed electrolyte is relatively low. Further post-mortem
investigation on the Zn anode after cycling and modelling of the sol-
vation structure of the electrolyte confirm the stability of the electrolyte
towards Hj evolution. The as-designed electrolyte enables prolonged
cycling lifespan of more than 1500 h in Zn||Zn symmetrical cells.
Finally, Zn||I, full cells exhibit improved cycling stability of 6000 cycles
in acetated-based electrolytes with the addition of 20 % of TMP.

2. Results and discussion

The concentration of zinc acetate (ZnAcy) and potassium acetate
(KAc) in the electrolyte was fixed to 1 m and 5 m (denoted as 1Z5K),
respectively. To understand the influence of TMP addition on the
physico-chemical properties of the electrolytes, aqueous-organic hybrid
solutions with TMP volume ratios of 20 % and 40 % (with respect to
H20) were prepared and denoted as 8W2T and 6W4T, respectively.
Fourier Transform Infrared spectroscopy (FTIR) measurements were
firstly carried out to gain insight into the molecular interactions. As
shown in Fig. 1a, the spectra feature the typical absorption peak in the
2600 to 3750 cm ™! regions ascribed to OH stretching of water molecules
[17]. Interestingly, the peak experiences an obvious blueshift upon
increasing the TMP content in the electrolyte. This suggests the forma-
tion of H-bonds between water and the multiple H-bond acceptors
within the TMP molecule [17,20,21]. Fig. 1b displays the Raman spectra
of various electrolytes and solvents within the range of 3100 to 3800
ecm™! (O-H stretching region) [4]. The spectra in this region were
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Fig. 1. Physico-chemical characterizations of the aqueous-TMP hybrid electrolytes with varying water:TMP volume ratio. (a) FTIR spectra and (b) Raman spectra of
the electrolytes in the region of O-H stretching, including pure water and TMP solvents as reference. (c) Fitted O-H stretching vibrations of 8W2T/1Z5K. (d) Ratio of
strong H-bond and non-H-bond in different electrolytes as a function of TMP concentration. (e) FTIR spectra of the electrolytes in the region of P = O vibration,
including pure water and TMP solvents as reference (f) DSC curves of the different electrolytes upon cooling and heating (heating rate: 5 K min'). (g) Ionic

conductivity and pH value of different electrolytes at 20 °C.
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deconvoluted into three peaks to investigate the H-bonds variation as
TMP content increases (see Fig. 1¢ and Figure S2). The three peaks refer
to strong, weak and non-H-bonds [22] and the ratio of strong and non-H-
bonds was also calculated as shown in Fig. 1d. Notably, as the TMP
concentration was increased from 0 % to 40 %, the percentage of strong
H-bonds obviously decreased, while that of non-H-bonds increased,
evidencing the impact of TMP on the interruption of H-bonds. Fig. le
shows the selected FTIR spectra in the range of 1200 to 1340 cm?,
where features associated with P = O vibration can be observed [23]. As
already reported in literature, the P = O vibration in pure TMP results in
two separated peaks which are assigned to the two conformers [24],
located at 1267 and 1277 cm ™}, respectively. However, only one peak
ascribed to P = O is observed in the spectra of 8W2T/1Z5K and 6W4T/
1Z5K hybrid electrolytes, possibly suggesting that only one conformer
exists when the O atom in P = O coordinates the Lewis acids (Zn?t and
K"). Furthermore, a considerable shift to lower wavenumbers is
observed compared to pure TMP. The P = O peak in 8W2T/1Z5K
demonstrates a more pronounced redshift compared to the other hybrid
electrolyte of 6W4T/1Z5K (to 1246 em!and 1252 cm™ !, respectively)
indicating that the O in P = O has a stronger interaction with metallic
cations [20]. Since there are two cations in these hybrid electrolytes
(Zn%* and K7), the spectrum of the Zn-free 8W2T/5K (i.e. 5 m KAc)
electrolyte was collected as well (see Figure S3). The location of the P =
O vibration peak in 8W2T/5K is 1250 cm ™, which is higher than that in
8W2T/1Z5K, implying that the O in P = O bond preferentially solvates
Zn®* rather than K ions. In order to further substantiate this claim, the
FTIR analysis of P = O vibration in 8W2T/1 m ZnAc; electrolyte was
conducted as well. As shown in Figure S3b, the wavenumber (1238
cm 1) of the P = O vibration in 8W2T/1 m ZnAc, solution exhibits the
most pronounced redshift compared to other solutions (1246 cm™! in
8W2T/1Z5K and 1250 cm ™! in 8W2T/5 m KAc), corroborating that the
0 in P = O bond preferentially solvates Zn>" rather than K* ions.

DSC measurements were carried out to further reveal the influence of
TMP on the disruption of H-bond networks in electrolytes (Fig. 1f). The
electrolytes were first cooled down to —100 °C before heating to 40 °C.
During this process, the heat flow was tracked to determine the freezing
and melting point of the electrolytes. As expected, the HyO/1Z5K elec-
trolyte displays a substantial depression of the freezing point compared
to pure water, due to the H-bond network perturbation by the acetate
salts [25]. However, no melting point could be observed in both 8W2T/
175K and 6W4T/1Z5K electrolytes between —100 °C and 40 °C, sug-
gesting for the excellent freezing resistance of the TMP-containing
hybrid electrolytes [26]. To investigate the impact on the ionic trans-
port, the ionic conductivity of the as-prepared electrolytes was deter-
mined at 20 °C, as shown in Fig. 1g. The ionic conductivity of Hy0/1Z5K
is the highest, 82.8 mS cm™!, and decreased when gradually replacing
water with TMP, to 56.7 mS cm ! for 8W2T/1Z5K and 28.5 mS cm ! for
6WA4T/1Z5K.

It is well established that the zinc anode reaction mechanism is
determined by the pH of the electrolyte. In fact, in alkaline environment,
Zn(OH)7~ will decompose into insoluble ZnO, leading to shape change
and passivation of the zinc metal anode [13,27]. In this regard, pH
values of the various electrolytes and solvents were determined. As
shown in Table S1, the pH value of pure (deionized, milliQ) water is
slightly acidic. This is quite reasonable and caused by the dissolved CO2
forming carbonic acid. The pH decreases substantially by addition of
TMP, which is quite unexpected since TMP does not possess acidic
protons. We do not currently have a reasonable explanation for this. At
the moment, we could only speculate that TMP may promote CO» sol-
ubility [28] and, thus, formation of more carbonic acid. After addition of
the acetate salts to the above solvents/mixtures, the pH value increased
in all cases. In HoO/1Z5K the pH increase caused by the hydrolysis of
abundant acetate anions (since acetic acid is a weak acid) is sufficient to
neutralize the carbonic acid, leading to a mildly alkaline environment
(pH = 7.77). When decreasing the water fraction from 100 to 80 and 60
vol%, although the salt molality was constant (calculated on total mass
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of the solvent), the concentration of acetate salts with respect to water
increased, leading to increased pH value in 8W2T/1Z5K (pH = 8.08) and
6W4T/1Z5K (pH = 8.71) compared to H,O/1Z5K. Given that the major
reaction mechanism between Zn electrodes in WiSE (1 m ZnAcy + 31 m
KAc) with a pH value of 9.76 (limited amount of OH™ ions, 6 X 1075
mol/L) was confirmed to be Zn stripping/plating [13], it is reasonable to
conclude that the Zn metal anode in these hybrid electrolytes with a
lower OH™ concentration can still undergo reversible Zn stripping/
plating (Zn = Zn*t + 2e).

According to our previous work, Zn metal suffers from severe
corrosion in medium/low-concentration acetate-based electrolytes [19].
To investigate the effect of TMP on Zn corrosion, linear polarization
measurements of Zn electrodes and post-mortem analysis of soaked Zn
electrodes were carried out. Fig. 2a shows the Tafel plot within the
voltage range of —0.8 to —1.1 V (vs. Ag/AgCl) at a scan rate of 5 mV/s.
The exchange current densities of Zn electrodes in H,O/1Z5K, 8W2T/
1Z5K and 6W4T/1Z5K are 2.601, 0.368 and 0.154 mA cm‘z, respec-
tively. The relatively low values evidence minimized corrosion in TMP
containing electrolytes. Zn metal foils were also immersed in 1.0 mL of
electrolyte for 14 days before being subject to XRD measurements to
evidence corrosion products. As shown in Fig. 2b, apart from the Zn
characteristic features, other peaks ascribed to side products, e.g., ZnO,
Zn(OH), and Zns(CO3)2(OH)g, are observed for the zinc metal stored in
H,0/1Z5K, indicating severe corrosion [19]. In contrast, the XRD pat-
terns of Zn foil after soaking in 8W2T/1Z5K and 6W4T/1Z5K only
present the fingerprints of pure Zn metal. SEM measurements were also
carried out on the same samples. Loose and uneven flake-shape features
ascribed to the corrosion products are observed on the surface of the Zn
foil stored in HyO/1Z5K (Fig. 2¢). Whereas the samples in prolonged
contact with 8W2T/1Z5K (Fig. 2d) and 6W4T/1Z5K (Fig. 2e) display
flat and dense surface resulting from the excellent corrosion resistance
imparted by TMP.

To evaluate the impact of the different electrolytes on the Zn metal
anode electrochemical performance, Zn||Zn symmetrical cells were
subject to galvanostatic plating/stripping tests. Fig. 3a shows the long-
term plating/stripping behavior of symmetrical cells at a current den-
sity of 2 mA cm 2. These cells were initially activated at lower current
density (0.5 mA cm’z, 0.5 mAh cm™2) for 3 cycles. Zn||Zn symmetrical
cells with HyO/1Z5K were able to reach a cycling life of 140 h before
short circuit occurred. On the contrary, the symmetrical cells with
6WA4T/1Z5K and 8W2T/1Z5K display stable voltage profiles for over
360 and 1500 h, respectively. By comparing the long-term cycling sta-
bility of symmetric cells in various organic/water hybrid electrolytes
(Table S2), the performance obtained with the 8W2T/1Z5K electrolyte
can be considered excellent. It should be noted, however, that a larger
polarization is observed for the TMP-added electrolytes. The higher the
TMP volume ratio, the larger is the polarization (see Figure S4). This
can obviously be correlated to the lower ionic conductivity of the elec-
trolytes. Additionally, we cannot exclude that the solvation of Zn?* by
TMP may play a role as well [29]. To further investigate the influence of
TMP addition during Zn deposition, 2.0 mAh cm ™2 of Zn were plated on
Zn substrates in HyO/1Z5K and 8W2T/1Z5K electrolytes. When
compared to the pristine Zn electrodes (Figure S5a-b), inhomogeneous
and loose deposits in HoO/1Z5K electrolyte occurred (see Figure S5c-d).
However, in the case of 8W2T/1Z5K electrolyte, the morphology of
deposited Zn was quite compact with large Zn crystals as it can be seen
from Figure S5e-f. These results indicate that 20 vol% of TMP addition
could effectively induce the uniform and dense deposition of Zn, which
is beneficial to the long-term cycling performance of Zn metal anodes
and is consistent with the foregoing outstanding electrochemical per-
formance of symmetrical cells in 8W2T/1Z5K electrolyte. Thus, SW2T/
1Z5K electrolyte was chosen to further test the long-term stability of
symmetrical cells at a higher areal capacity (5 mAh cm™2), displaying a
lifespan of 180 h (see Figure S6).

As shown in Fig. 3b, the rate performance of symmetrical cells was
also evaluated at different current densities of 0.5, 1, 2, 4, 5 and 8 mA
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cm 2. For better visualization, the portion of the figure showing the
voltage profiles at different currents has been enlarged (see Figure S7).
As current densities increased, the polarization observed in the TMP-
added hybrid electrolytes became more pronounced. Nevertheless, the
symmetrical cell with 8W2T/1Z5K still demonstrated the best electro-
chemical performance, since stable stripping/plating behavior was
achieved under 8 mA cm~2, followed by further stable cycling at 4 mA
cm 2 (a fixed plating/stripping capacity of 4 mAh cm™2) for over 230 h.
At the even higher current density of 8 mA cm™2, the cell with Hy0/
175K suffered from short-circuit likely due to dendrite growth. The cell
with 6W4T/1Z5K could not withstand such high currents due to the
slowest ion diffusion rate of the electrolyte [30].

Zn||Cu cells were also tested to evaluate the reversibility of Zn
plating/stripping process. The voltage profiles upon the first plating step
in the three electrolytes are displayed and compared in Figure S5a-c.
There are two characteristic overpotentials during the first plating
process: nucleation overpotential (n,) and growth overpotential (ng).
The former is associated with the nucleation of Zn seeds. As Figure S8
shows, the nucleation overpotential increases as the TMP concentration
increases. The larger the n, is, the greater number of nuclei on the
substrate is formed, indicating that the addition of TMP could help with
the formation of more and smaller nuclei [31]. On the other hand, the ng
overpotential also suggests for higher energy barrier for subsequent Zn
growth in the presence of TMP. The deposition capacity in the test was
fixed at 1 mAh cm ™2, implying that a smaller portion of Zn was depos-
ited on each nucleus if the number of the nuclei is larger. As a result,
denser Zn nuclei in TMP-containing electrolytes are expected, which
reduce the risk of dendrite growth. Afterwards, the long-term CE evo-
lution was evaluated, which is a crucial indicator for the reversibility of
metal [32]. As Fig. 3¢ shows, the Zn||Cu cell with 8W2T/1Z5K displays
the longest lifespan of 1700 cycles with a CE over 99.7 %, while the Zn||
Cu cells with HyO/1Z5K failed after only 109 cycles (Figure S8d),
possibly due to dendrite growth, achieving a CE of 99.5 %. Furthermore,
the comparison of voltage profiles of asymmetric Zn||Cu cells with
different TMP additions is shown in Fig. 3d-e. The asymmetric Zn||Cu
cell with 8W2T/1Z5K always presented smaller polarization (123 mV at
the 500th cycle) than that with 6W4T/1Z5K (216 mV at the 500th
cycle). In summary, 8W2T/1Z5K outperformed both H»0/1Z5K and
6W4T/1Z5K, and was selected for further investigation.

Before proceeding further, in order to highlight advantages of this
novel TMP-acetate combination, further tests were performed with a
control solution with the same composition but based on triflate. In fact,
as mentioned before, TMP had been already studied as coordination
agent for Zn ions but, in most cases, in combination with zinc triflate.
Thus, the electrolyte 1 m ZnOTf, + 5 m KOTf in 8W2T (denoted as
8W2T/1Z5K-triflate) was prepared and compared with 8W2T/1Z5K to
highlight the unique advantages of the TMP-acetate synergy. First of all,
the lower cost is a non-negligible advantage of the acetate-based elec-
trolyte compared to the triflate-based counterpart (see Figure S1).
Additionally, the electrochemical performances of symmetrical Zn||Zn
and asymmetrical Zn||Cu cells were also tested in 8W2T/1Z5K-triflate
under the same conditions as in 8W2T/1Z5K. As shown in Figure S9a,
despite showing a smaller polarization compared to 8W2T/1Z5K, sym-
metrical cells with 8W2T/1Z5K-triflate were only able to reach a cycling
life of 40h before experiencing a short circuit. To further investigate the
influence of 8W2T/1Z5K-triflate electrolyte during Zn deposition, 2.0
mAh cm ™2 of Zn were plated on Zn substrates. As Figure S9b-c shows,
Zn deposits were unevenly distributed and easily embedded in the glass
fiber separator, revealing the reason for the short lifespan being dendrite
growth. Particularly, a restricted deposition area was observed as shown
in the insert optical image of Zn electrode, suggesting that 8W2T/1Z5K-
triflate electrolyte exhibits worse interfacial compatibility, which is
evidenced also by the large nucleation overpotential observed in the first
cycle (—0.284 V) in Figure S9a. Afterwards, Zn||Cu cells were tested to
evaluate the reversibility of Zn plating/stripping process (see
Figure S9d). The average CE of Zn||Cu cell in 8W2T/1Z5K-trifalte
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electrolyte is 98.9 %, which is much lower than 8W2T/1Z5K electro-
lyte (99.7 %), possibly resulting from a more intense Hy evolution and its
associated side reactions. The nucleation overpotential of Zn deposition
on Cu is also larger in 8W2T/1Z5K-triflate (see Figure S9e) than 8W2T/
175K (see Figure S8b).

Afterwards, Zn electrodes after 50 cycles in the acetate electrolytes
were further investigated by SEM, XPS and XRD, respectively, to reveal
the surface morphology and chemistry. The morphological changes are
evident. Compared to the original Zn foils in Figure S5a-b, Zn elec-
trodes, after cycling in HoO/1Z5K show a loose and rough surface, which
may partially be ascribed to the not uniform Zn deposits and side-
products (see Figure S10a-b) [33]. Furthermore, the clearly larger
surface area may favor Hy evolution, which is detrimental to the long-
term cycling of Zn electrodes, as previously shown in Fig. 3a-b [34].
Differently, the surface of Zn metal electrode cycled in 8W2T/1Z5K
displays dense and uniform morphology with no clear sign of side
products, as shown in Figure S10c-d.

The presence of side-products on the Zn metal electrode surfaces was
further investigated by XPS. The Zn 2p3/, spectra taken at the Zn elec-
trode surface cycled in HyO/1Z5K electrolyte (Fig. 4a) show one feature
at 1022.48 eV, while the Zn electrode tested in 8W2T/1Z5K (Fig. 4b)
displayed two distinguished peaks at 1021.4 and 1022.9 eV. The species
observed in the Zn 2p3/y region exhibit small chemical shifts, which
might result from charging effects. Therefore, the Zn Auger parameters
(ozn — the sum of the Zn 2p3,5 binding energy and the Znpypy kinetic
energy) were calculated to assign the observed peaks to the corre-
sponding species (note that this approach is the best method for iden-
tifying metal-based species) [35]. The surface species on the Zn
electrode tested in Hy0/1Z5K (at 1022.48 eV) can be assigned to
Zns(CO3)2(OH)e and/or ZnCOs3 (0z, = 2009.7 + 0.2 eV) [36], in
agreement with XRD results. According to literature, the CO%™ species in
Zns(CO3)2(OH)g derived from the atmospheric CO5 naturally dissolved
in the electrolyte. During Zn deposition, Hy evolution reaction takes
place near the Zn surface in H,0/1Z5K electrolyte and then the local pH
increases. Consequently, CO3~ and OH~ combine with Zn?" to form
Zns(CO3)2(0OH)g [37]. Meanwhile, the surface species observed for the
Zn electrodes cycled in 8W2T/1Z5K correspond to Zn metal (oz, =
2012.9 + 0.2 eV) and ZnO (az, = 2010.6 + 0.2 eV) [36], confirming the
suppression of the Zn electrode corrosion by addition of TMP. The depth
profiling of the Zn electrodes was also performed. While both Zn elec-
trodes exhibit the presence of Zn metal and ZnO at 8 nm underneath the
outer surface, the Zn electrode tested in 8W2T/1Z5K displays a much
more homogeneous composition. In addition, the O 1s spectra of Zn
electrodes tested in HyO/1Z5K and 8W2T/1Z5K confirmed the higher
reactivity and inhomogeneous surface of the Zn metal cycled in HyO/
1Z5K electrolyte. The Zn electrode tested in Hy0/1Z5K exhibits the
characteristic features of the —-OH, -C = O and —COOR bonds corre-
sponding to Zn(OH), ZnCOs3, and/or Zns(CO3)2(OH)¢ decomposition
products and acetate-electrolyte traces (—COOK and —COK), while at
higher depths the presence of ZnO is clearly evidenced, in agreement
with Zn 2ps3/». Meanwhile, the Zn electrode cycled in 8W2T/1Z5K is
covered by ZnO and residues of the acetate salts (—COOK and —COK).
The C 1s region has also been analyzed (Figure S11), and the results are
in agreement with the O 1s spectra, displaying the presence of hydro-
carbons (C-C/C-H), —C = O/-COK and —COOR/-COOK groups from
decomposition products and acetate electrolyte leftovers [38]. Finally,
the Zn electrode cycled in 8W2T/1Z5K does not show any P-containing
species (Figure S12), indicating that the TMP is most probably not
contributing to the formation of any interphase in this electrolyte. XRD
patterns were also collected to further reveal the crystallographic
properties of the Zn electrodes after cycling. As shown in Figure S13, the
XRD pattern of bare Zn are displayed as reference. Unfortunately, no
clear fingerprints of side products (such as Zns(CO3)2(OH)g) could be
detected on Zn electrodes cycled in HoO/1Z5K by means of XRD. This is
probably due to the relatively short cycling time (50 cycles, 5 days).
Interestingly, though, the intensity ratio of Igg2)/I101) decreased
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compared to bare Zn. According to the literature, the crystallographic
planes (101) and (002) correspond to the vertical and horizontal
alignment of Zn crystal, respectively [39]. The (101) plane evidence
dendrite growth which exacerbate Zn corrosion, whereas the (002)
plane suggests more compact deposits during Zn deposition which
provide higher resistance to corrosion [40]. In the case of Zn electrodes
cycled in 8W2T/1Z5K electrolyte, the intensity ratio of Iio2)/I101)
substantially increases, which is in line with the improved stability upon
cycling.

Molecular Dynamics (MD) simulations were further conducted to
explore the solvation structure of HyO/1Z5K and 8W2T/1Z5K electro-
lytes. Radial Distribution Functions (RDFs) calculated the distribution of
the nearest-neighbor molecules around a reference Zn>*, as shown in
Fig. 5a-b. The coordination number for both electrolytes is the same
(six), including 4.24 water molecules, and 1.76 acetate anions in H,O/
1Z5K and 4.12 water molecules, 1.76 acetate anions and 0.12 TMP
molecules in 8W2T/1Z5K electrolyte, based on the statistical findings.
Even though TMP appears to have little influence on the Zn?' inner
solvation structures, which may explain the disappearance of P-based
species on Zn surface in XPS results, the addition of TMP showed a
substantial impact on the distribution of Zn?" solvation structures. The
concentration (more than 1 %) of different Zn>" inner solvation shells in
H;0/1Z5K and 8W2T/1Z5K are summarized in Tables S3 and S4,
respectively. The top 5 species by concentration are displayed in Fig. 5S¢,
demonstrating that the addition of TMP reduces the concentration of Zn
(HzO)%+ and increases the concentration of Zn(Ac)3(H20)4. Further-
more, the deprotonation energy (DPE) of solvated water in the 5 species
are plotted in Fig. 5d. Zn(HZO)g+ has the lowest DPE, underscoring
deprotonation of solvated H,O is the most energetically favourable [8].
Some selective solvation structure of Zn?* are also displayed in
Figure S14. These results indicate that the solvated H,O impact is
reduced in the TMP-regulated solvation structure, thus suppressing
parasitic reactions including Hy evolution [8], which is consistent with
the former experimental results. In addition, the de-solvation energies
(denoted as DSE) of the solvate molecules from Zn2*t inner solvation
shell were calculated as well (see Fig. 5d). Zn(HzO)g+ has the lowest DSE
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of 17.21 eV among the various complex structure which means the de-
solvation process during Zn deposition is the most energetically favor-
able. In contrary, the highest DSE (32.45 eV) was observed from Zn
(Ac)2(H20)4 complex, confirming the higher polarization of symmetri-
cal cells in 8W2T/1Z5K electrolyte by comparison of the distribution of
Zn-complex in both cases. According to the above discussions, the
different factors enhancing the stability of Zn metal anode in 8W2T/
175K electrolyte can be summarized in Fig. Se.

Finally, Zn||I; full cells were also assembled and subject to electro-
chemical testing to verify the feasibility of the designed electrolyte. For
the cathode’s preparation, a solution constituted by 1 M Lil and 0.1 M I,
in HoO was drop-casted onto a Ti-supported Ketjen black (KB) mem-
brane. As shown by the CV in Fig. 6a, one typical pair of redox peaks
associated with the I"/I° conversion reaction is observed in Hy0/1Z5K
electrolyte. However, there are clearly two reduction peaks indexed to
Io - I3—>I" reaction in 8W2T/1Z5K while only one peak was observed
ascribed to the I7/1° conversion reaction during oxidation process [41].
The main redox peaks of the I cathode in 8W2T/1Z5K was shifted of
around 0.1 V towards lower potentials, indicating that the Zn?" activity
was suppressed after adding TMP [42]. Interestingly, the voltage dif-
ference between the cathodic and anodic peaks in both electrolytes is
close, and a similar voltage polarization of 55 mV is observed for both
electrolytes [43]. Afterwards, the rate performance and long-term
cycling stability of full cells were evaluated, as presented in Fig. 6b-c.
It is worth noting that the capacity delivered by the I, cathode in HyO/
175K is always higher than that in 8W2T/1Z5K, at each current density.
Additionally, the polarization in the galvanostatic charge/discharge
(GCD) profiles in 8W2T/1Z5K (Fig. 6e) is larger than that in HoO/1Z5K
(Fig. 6d) at relatively higher current density (2.0 and 5.0 mA cm™2) due
to the lower ionic conductivity of the former electrolyte. Nevertheless,
the cycle life of the full cell employing 8W2T/1Z5K is nearly twice as
long than that in HyO/1Z5K, achieving more than 6000 cycles. Addi-
tionally, the GCD profiles of the full cell with 8W2T/1Z5K did not
display any increase in polarization upon cycling Fig. 6f. In the case of
H»0/17Z5K, a substantially increase irreversible capacity was observed
after 2020 cycles (see Figure S15), which may be a sign of polyiodide
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shuttling [43].

In order to gain some insight into the mechanism behind the different
electrochemical performance of I in the two electrolytes, identical
amounts of polyiodides (containing 2 mg of I element) were added into
the Hy0/1Z5K and 8W2T/1Z5K electrolytes. After the polyiodide
addition, a purple precipitate, presumably being I, could be observed in
the 8W2T/1Z5K electrolyte. In contrast, the HyO/1Z5K electrolyte
remained transparent (see Figure S16), suggesting that the TMP-
containing 8W2T/1Z5K electrolyte features a limited polyiodide solu-
bility, which is beneficial to suppress the “shuttle effect” of the Zn||I,
batteries [43].

3. Conclusions

A hybrid aqueous-organic electrolyte with 1 m ZnAcy and 5 m KAc
dissolved in the 80:20 water:TMP (v/v) mixture was developed for
aqueous zinc ion batteries. The relatively high concentration of Ac™
anions and the presence of TMP not only interrupt the H-bond network
of water, but also enable their participation in the Zn*t solvation
structure. As a result, Hy evolution and associated corrosion reaction on
zinc metal anode are suppressed. The as-designed 8W2T/1Z5K allowed
an excellent cycling stability of 1570 h of Zn||Zn symmetrical cells as
well as high average CE of 99.7 % in Zn||Cu asymmetrical cells over
1700 cycles. In addition, Zn||I, full cells in TMP-modified electrolytes
achieved excellent long-term cycling performance (6,000 cycles), which
is mainly attributed to the improved Zn anode reversibility and sup-
pressed shuttle effect of polyiodide.
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