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Aqueous zinc-ion batteries (AZIBs) have demonstrated great potential for large-scale energy storage.
However, their practical applications have been restricted by fast Zn dendrite growth and severe side reac-
tions at the Zn/electrolyte interface. Herein, sodium gluconate is incorporated into a mild acidic electro-
lyte as a multifunctional additive to stabilize the Zn anode. Experiments and theoretical calculations
reveal that the SG additive can induce planar growth of Zn along its (002) direction, thereby inhibiting Zn
dendrite growth. This dendrite inhibition effect is attributed to the preferential adsorption of Zn®* on the
Zn (002) plane, while the Zn (100) and (101) planes are shielded by gluconate ions. Consequently, Zn||Zn
symmetric cells with the electrolyte additive exhibit significantly prolonged cycle lives of 2000 h at 1 mA
cm™, 1 mA h cm™2 and 900 h at 5 mA cm™2, 2.5 mA h cm™2. Futhermore, the Zn||NH4V4O1o full cell
retains 95% of its initial capacity after 2000 cycles at a current density of 5 A g* with an average CE of
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1. Introduction

The development and utilization of renewable energy systems
have garnered growing attention to address the global energy
and environmental challenges."” As one of the key energy
storage systems, lithium-ion batteries dominate the current
commercial market. However, the scarcity of lithium and the
flammability of organic electrolytes raise growing concerns
about their sustainability and safety for large-scale
applications.>* In comparison, aqueous zinc-ion batteries
(AZIBs) have been considered a promising alternative to
lithium-ion batteries, owing to their high theoretical capacity
(820 mA h g™"), low cost (US$65 kW h™"), low redox potential
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(—=0.76 V vs. the standard hydrogen electrode), high elemental
abundance, excellent safety, and environment friendliness.>®
Nonetheless, the development of AZIBs is hindered by
rampant Zn dendrite growth and severe water-induced side
reactions (e.g,, Zn corrosion and byproduct passivation).”
These detrimental processes result in rapid capacity degra-
dation and quick failure of AZIBs.*"°

To overcome these challenges, many strategies have been
proposed, including Zn alloying,'"'* artificial coating,'*'*
separator functionalization,"'® and electrolyte engineering.'”>°
Among these strategies, engineering electrolytes using addi-
tives is considered an efficient and effective approach to stabil-
ize the Zn anode. For instance, inert cations dissociated from
metallic salts can be electrostatically absorbed on the tips of
Zn dendrites, forming a shielding layer that facilitates uniform
Zn deposition.”* However, the effectiveness of inert cations is
limited due to their non-preferential adsorption on the Zn
surface. In contrast, organic molecules have a strong affinity
for Zn>* and Zn metal, capable of altering Zn>* solvation struc-
tures, suppressing interfacial side reactions, and inhibiting Zn
dendrite growth. Additionally, organic molecules have been
proved to facilitate preferential Zn deposition along its specific
crystal planes.”” Given the hexagonal close-packed crystal
structure of Zn, this alteration of Zn plating/stripping beha-
viors leads to distinct morphologies of the resulting Zn depos-
its. For instance, Zn deposition exhibits planar growth behav-
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Fig. 1 Schematic illustrations of Zn deposition in different electrolytes: (a) 2 M ZnSO4 and (b) 2 M ZnSQO, in the presence of 20 mM SG molecules.
The inset depicts the preferential growth of Zn (002) induced by SG molecules.

ior along the Zn (002) plane, which is beneficial for suppres-
sing dendrite growth and inhibiting water-induced side reac-
tions at the Zn/electrolyte interface.”® Conversely, Zn depo-
sition along the (100) and (101) planes leads to rapid dendrite
growth, causing battery short circuits and accelerating water-
induced side reactions.>*>*> Therefore, promoting planar
growth along the Zn (002) plane during charge/discharge is
highly desired for the development of high-performance
AZIBs.

Herein, we introduce a chelating agent, sodium gluconate
(SG), as a multifunctional additive in a 2 M ZnSO, electrolyte
to enhance the reversibility of the Zn anode. Without the SG
additive, Zn deposition proceeds along its (100) and (101) crys-
talline planes, leading to rapid dendrite growth and severe
side reactions. However, SG molecules with abundant func-
tional groups exhibit strong adsorption energies on the Zn
(101) and (100) planes. This facilitates the preferential adsorp-
tion of SG molecules and blocks Zn deposition on these
planes. Consequently, Zn growth is preferentially guided along
the (002) plane, enabling highly reversible and dendrite-free
Zn anodes (Fig. 1). Benefiting from the SG additive, Zn||Zn
symmetric cells exhibit significantly prolonged cycle lives of
2000 h at 1 mA cm 2, 1 mA h em™2 and 900 h at 5 mA cm™?,
2.5 mA h cm™. Moreover, 95% of the capacity of the
NH,V,010||Zn full cell is retained after 2000 cycles at a current
density of 5 A g~'. This work highlights the preferential Zn
deposition facilitated by the SG electrolyte additive for achiev-
ing highly reversible AZIBs.

2. Results and discussion

To investigate the influence of the additive on the stability of
Zn anodes, different concentrations of SG were added to the 2
M ZnS0, (ZS) electrolyte. For instance, the electrolytes contain-
ing 10, 20, 50, 80 and 100 mM SG were denoted as SG10,
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SG20, SG50, SG80 and SG100, respectively. As shown in
Fig. 2a, the ZS-based Zn||Zn symmetric cell failed after
approximately 500 h at a current density of 1 mA cm™ and an
areal capacity of 1 mA h cm™ due to severe side reactions and
rapid Zn dendrite growth. In sharp contrast, the cycle life of
the SG20-based Zn||Zn symmetric cell was remarkably
extended to 2000 h, surpassing those of symmetric cells using
electrolytes with other SG concentrations (Fig. S1t). Although
the SG80-based Zn||Zn symmetric cell exhibited a similar cycle
life, the SG20 electrolyte offered superior cost advantage since
less SG additive was used. With a higher SG concentration, the
SG100-based symmetric cell failed after 1100 h (Fig. S1t).
Therefore, SG20 was selected as the optimal electrolyte for
further tests. With the optimal SG20 electrolyte, the Zn||Zn
symmetric cell also exhibited excellent cycling stability over
900 h at a high current density of 5 mA cm™> and a high areal
capacity of 2.5 mA h em™> (Fig. 2b). Under such harsh cycling
conditions, the ZS-based symmetric cell quickly failed after
200 h due to accelerated Zn dendrite growth under high
current density and areal capacity.”

The rate capability of the symmetric cells was evaluated at
current densities ranging from 1 to 10 mA cm™> with a con-
stant areal capacity of 1 mA h cm™>. As shown in Fig. 2c, the
ZS-based symmetric cell exhibited higher overpotentials (e.g.,
54 mV at 2 mA cm~?) and failed after only 30 h during the rate
tests. Meanwhile, the overpotential of the SG20-based Zn||Zn
symmetric cell decreased to 38 mV at 2 mA cm™>, and the cell
remained stable at different current densities, indicating
enhanced rate performance in the presence of SG additives.
Fig. 2d displays the coulombic efficiency (CE) of the Zn||Cu
asymmetric cells based on different electrolytes. The ZS-based
asymmetric cell failed after 120 cycles, which could be
ascribed to detrimental side reactions and “dead Zn” induced
by dendrite growth.® In comparison, the SG20-based asym-
metric cell exhibited an average CE of 98.9% over 150 cycles,
outperforming the ZS-based asymmetric cell. Furthermore,

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Long-term cycling performance of Zn||Zn symmetric cells assembled using ZS and SG20 electrolytes at (a) 1 mA cm~2 with a capacity of
1 mA h cm™2 and (b) 5 mA cm™2 with a capacity of 2.5 mA h cm™2 (c) Rate performance of Zn||Zn symmetric cells assembled using ZS and SG20
electrolytes. (d) CEs of Zn||Cu asymmetric cells at 1 mA cm™2 with a capacity of 1 mA h cm™2. Voltage profiles of Zn||Cu asymmetric cells at different

cycles based on (e) SG20 and (f) ZS electrolytes.

Fig. 2e and f present the voltage profiles of these Zn||Cu asym-
metric cells. The SG20-based Zn||Cu asymmetric cell exhibited
lower overpotentials (~40 mV) and overlapped voltage profiles,
indicating  high  Zn  plating/stripping  reversibility.
Comparatively, the ZS-based Zn||Cu asymmetric cell showed a
high overpotential of approximately 60 mV. These findings
validate the effectiveness of the SG additive in enhancing Zn
plating/stripping reversibility.

To intuitively present the Zn deposition behavior, an
optical microscope was utilized to observe the evolution of the
Zn/electrolyte interface during Zn plating with a current
density of 10 mA em™>. As shown in Fig. 3a, the Zn/electrolyte
interface became irregular with many protrusions and cavities
due to Zn dendrite growth in the ZS electrolyte. In contrast,
the Zn/electrolyte interface remained flat in the SG20 electro-
lyte with a uniform and dense Zn plating layer, indicating that
the SG additive effectively facilitated uniform Zn deposition
(Fig. 3b). Fig. 3c and d display the scanning electron
microscopy (SEM) images of the Zn deposits obtained in ZS
and SG20 electrolytes. The Zn deposited in the ZS electrolyte
exhibited a disordered and dendritic morphology. In contrast,
the Zn deposits obtained in the SG20 electrolyte were more
uniform and denser. The cross-sectional SEM images shown
in Fig. S21 further confirm the uniform deposition of Zn in
the SG20 electrolyte.

This journal is © The Royal Society of Chemistry 2024

Fig. S3 and 4f show the distributions of Zn, O, and S
elements on the surface of cycled Zn anodes obtained by
energy-dispersive X-ray spectroscopy (EDS). The Zn anode
cycled in the SG20 electrolyte exhibited notably lower contents
of O and S elements than the Zn anode cycled in the ZS elec-
trolyte. This suggested that water-induced side reactions, par-
ticularly the formation of zinc hydroxide sulfate (ZHS) bypro-
ducts, were effectively suppressed by the SG additive during Zn
plating/stripping.”® Fig. 3e and Fig. S51 display the X-ray diffr-
action (XRD) patterns of the Zn anodes cycled in different elec-
trolytes. As shown in Fig. 3e, no ZHS peaks existed in the XRD
pattern of the Zn anode cycled in the SG20 electrolyte, agree-
ing well with the findings of the EDS analysis. Meanwhile, new
diffraction peaks corresponding to ZHS byproducts emerged
in the XRD patterns of the Zn anodes cycled in ZS and other
SG-based electrolytes (Fig. 3e and Fig. S51) because of water-
induced side reactions. Additionally, Fig. 3e shows that the
relative intensity of the (002) peak reached its maximum when
the Zn anode was cycled in the optimal SG20 electrolyte. In
other SG-based (such as SG10, SG50 and SG80) and ZS electro-
Iytes, the relative intensity of the (002) peak decreased, as dis-
played in Fig. S5.1 These results suggest that SG molecules can
induce preferential Zn deposition along the (002) direction,
inhibiting Zn dendrite growth and suppressing water-induced
side reactions. However, excess SG molecules could also miti-
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gate their enhancement effects on the reversibility of the Zn
anodes.

To understand the fundamental mechanisms associated
with SG molecules, density functional theory (DFT) calcu-
lations were performed to investigate their adsorption energies
on different Zn crystal planes. Three crystal planes, including
(100), (101) and (002), were considered due to the hexagonal
close-packed structure of Zn (Fig. S61). As displayed in Fig. 3f,
SG molecules exhibited high adsorption energies (E.qs) of
—2.71 and —2.06 eV on the (100) and (101) planes, respectively.
These values markedly exceeded their E,gs (—0.22 eV) on the
Zn (002) plane, indicating that the adsorption of SG molecules
on the (100) and (101) planes was more favorable. Additionally,
the E,qs of Zn>" adsorption on the (100) plane was lower than
that of SG adsorption (Fig. S71). Therefore, SG molecules
could be preferentially adsorbed on the Zn (100) plane prior to
Zn>" adsorption in SG-based electrolytes. Meanwhile, the E,q,
between Zn>* and the Zn (002) plane reached —0.31 eV, notice-
ably higher than that between SG molecules and the Zn (002)
plane (Fig. 3g). This indicates that the Zn (002) plane can be
exposed to Zn>" instead of being shielded by SG molecules at
an optimal SG concentration, enabling preferential Zn depo-
sition along the (002) direction. In the absence of SG mole-
cules, Zn deposition in the ZS electrolyte occurred across
different crystalline planes, resulting in Zn dendrite growth.
These findings are in good agreement with the experimental
results.

2926 | Nanoscale, 2024, 16, 2923-2930

Fig. 4a presents the Zn nucleation overpotentials of the
Zn||Cu symmetric cells based on different electrolytes. The
SG20-based Zn||Cu cell exhibited a Zn nucleation overpoten-
tial of 10.6 mV, lower than that of the ZS-based Zn||Cu cell.
This suggested that the formation of Zn nuclei on the (002)
plane required less energy than that on other planes, thereby
facilitating the preferential Zn deposition along the (002)
direction.”>*”*® Fig. 4b displays the chronoamperometry (CA)
tests of the Zn electrodes conducted in different electrolytes at
a constant overpotential of —200 mV. The current density of
the Zn electrode increased significantly and reached 35 mA
em~? within 300 s in the ZS electrolyte. The rampant increase
in current density indicated two-dimensional diffusion of Zn>*
and the formation of Zn dendrites.?>?° In contrast, for the Zn
electrode tested in the SG20 electrolyte, the current density
stabilized at approximately 18 mA cm™> after 100 s due to
the planar Zn deposition modulated by SG molecules.
Furthermore, the SG20-based Zn||Zn symmetric cell exhibited
a lower charge transfer impedance (R,) than the ZS-based sym-
metric cell (Fig. 4c), suggesting fast charge transfer kinetics at
the Zn/electrolyte interface in the SG20 electrolyte.

Fig. 4d shows the linear sweep voltammetry (LSV) tests of
the Zn electrodes performed in different electrolytes. The
onset potential of the hydrogen evolution reaction (HER) sig-
nificantly shifted from —1.90 V vs. Ag/AgCl in the ZS electrolyte
to —2.03 V vs. Ag/AgCl in the SG20 electrolyte at a current
density of 20 mA ecm ™. This indicates the effective suppression

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (a) Initial Zn nucleation overpotential of Zn||Cu asymmetric cells using SG20 and ZS electrolytes at 1 mA cm™2. (b) CA curves of Zn||Zn sym-
metric cells using SG20 and ZS electrolytes at a constant overpotential of —200 mV. (c) EIS plots of Zn||Zn symmetric cells assembled using SG20
and ZS electrolytes. (d) LSV curves of Zn||Zn symmetrical cells using 1 M Na,SO, electrolyte and 20 mM SG in 1 M Na,SO, electrolyte at a scan rate
of 5 mV s (e) In situ pH tests of SG20 and ZS electrolytes during cycling. (f) Tafel plots of Zn electrodes obtained in $G20 and ZS electrolytes. (g)
XRD patterns of Zn anodes after being soaked in SG20 and ZS electrolytes for three days. SEM images of the Zn anodes after soaking tests in (h)

SG20 and (i) ZS electrolytes.

of the HER activity of the Zn electrode in the SG20 electrolyte.
Furthermore, in situ pH tests were conducted to monitor the
pH changes of the electrolytes during Zn plating/stripping. As
shown in Fig. 4e, the SG20 electrolyte showed an initial pH of
4.25, slightly higher than that (3.9) of the ZS electrolyte due to
the weak alkalinity of SG molecules.’**' Notably, compared to
that of the ZS electrolyte, the pH of the SG20 electrolyte
increased more slowly during Zn plating/stripping, agreeing
well with the suppressed HER activity of the Zn electrode in
the SG20 electrolyte.

Tafel tests were conducted to investigate the corrosion
behaviors of the Zn electrodes in different electrolytes, as
shown in Fig. 4f. The corrosion current density decreased from
1.5 mA cm™? in the ZS electrolyte to 0.4 mA cm™ in the SG20
electrolyte, implying effectively suppressed Zn corrosion in the
presence of SG molecules. To further evaluate the anti-cor-
rosion performance, the Zn electrodes were immersed in SG20

This journal is © The Royal Society of Chemistry 2024

and ZS electrolytes for 3 days (Fig. S8t). As shown in Fig. 4g
and Fig. S9,f new diffraction peaks corresponding to ZHS
appeared for the Zn electrode immersed in the ZS electrolyte.
In contrast, these peaks were not observed for the Zn electrode
soaked in the SG20 electrolyte. As displayed in Fig. 4h, the
surface of the Zn electrode immersed in the SG20 electrolyte
remained a smooth metallic surface and no ZHS flakes could
be identified. However, the Zn electrode immersed in the ZS
electrolyte suffered from severe pitting corrosion and ZHS pas-
sivation (Fig. 4i) because of side reactions. These findings
strongly supported that SG molecules not only inhibited Zn
dendrite growth but also alleviated water-induced side reac-
tions at the Zn/electrolyte interface.

To investigate the effect of the SG additive in practical appli-
cations, NH,V,0;, was employed as the cathode material to
assemble full cells. Fig. S101 shows the XRD pattern of the syn-
thesized NH,V,0,,, which is consistent with the results

Nanoscale, 2024, 16, 2923-2930 | 2927
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reported in our prior work.>>** As shown in Fig. 5a, the cyclic
voltammetry curves of the NH,V,0,0||Zn full cells with ZS and
SG20 electrolytes displayed similar reduction/oxidation peaks.
This indicated that SG molecules were chemically stable and
remained effective during charge/discharge.**** Fig. 5b
depicts the rate performance of the full cells at current den-
sities ranging from 0.1 to 5 A g . The full cells based on SG20
and ZS electrolytes possessed similar initial capacities at a
current density of 0.1 A g~'. However, in the subsequent
cycles, the SG20-based full cell exhibited higher discharge
capacities during the rate tests, indicating its excellent rate
capability. Moreover, the SG20-based full cell exhibited a
smaller R, than the ZS-based full cell (Fig. S11}), consistent
with the phenomena observed in symmetric cells, as shown in
Fig. 4c.

Fig. 5c shows the charge/discharge curves of the SG20-
based NH,V,0;0||Zn full cell at a current density of 2 A g~ .
The voltage profiles and capacities of the SG20-based
NH,V,01||Zn full cell remained nearly unchanged over 500
cycles, indicating its excellent long-term cycling stability.
Comparatively, the ZS-based full cell exhibited fast capacity

2928 | Nanoscale, 2024, 16, 2923-2930

degradation due to increased polarization during cycling.
Fig. 5d shows the long-term cycling stability of these full cells
at 2 A g~'. Notably, the SG20-based full cell retained 94.3% of
its initial capacity after 800 cycles with a high average CE of
approximately 100%. Meanwhile, the capacity of the ZS-based
full cell rapidly decayed to 31% of its initial value due to severe
water-induced side reactions occurring at the Zn/electrolyte
interface. Fig. 5e displays the long-term cycling performance of
the full cells at a higher current density of 5 A g”'. During
cycling, the ZS-based full cell experienced fast capacity degra-
dation and quick failure after approximately 200 cycles
because of Zn dendrite growth. In sharp contrast, the SG20-
based full cell demonstrated excellent cycling stability with a
high capacity retention rate of 95% after 2000 cycles, equi-
valent to only a 0.005 mA h g~* decay per cycle (Fig. S127). As
shown in Fig. S13,f the voltage profiles of the SG20-based
NH,V,0;0||Zn full cell at 5 A g~' remained nearly unchanged
over 1000 cycles. These results corroborate that the SG additive
can effectively stabilize the Zn anode by inhibiting Zn dendrite
growth and side reactions, resulting in enhanced electro-
chemical performance of AZIBs.

This journal is © The Royal Society of Chemistry 2024
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3. Conclusion

In summary, SG is an efficient and effective electrolyte additive
to inhibit Zn dendrite growth and side reactions for achieving
high-performance AZIBs. Theoretical calculations and experi-
ments together confirm that SG molecules are preferentially
absorbed on the Zn (101) and (100) planes. Meanwhile, the Zn
(002) plane can be exposed to Zn>*, enabling the planar growth
of Zn deposits during cycling. Furthermore, the presence of SG
molecules effectively alleviates side reactions at the Zn/electro-
lyte interface. Consequently, the Zn||Zn symmetric cell with
the SG electrolyte additive exhibits excellent cycling stability
over 2000 h at 1 mA cm™> and 1 mA h ecm™> Even at a high
current density of 5 mA cm™> and a high areal capacity of
2.5 mA h em™2, the SG20-based symmetric cell shows superior
cycling stability over 900 h. More importantly, the NH,V,0;,|
Zn full cell with the SG20 electrolyte shows a high capacity
retention rate of 95% over 2000 cycles at a current density of 5
A g7'. The low-cost SG electrolyte additive presents a promis-
ing strategy for improving the performance and durability of
AZIBs.
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