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Zinc gluconate as a multifunctional electrolyte
additive for dendrite-free and long-life zinc ion
batteries
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Aqueous zinc ion batteries (AZIBs) have attracted much attention owing to their low cost, high capacity

and superior safety, but dendrite growth, hydrogen evolution and corrosion reaction hinder their appli-

cations. Herein, zinc gluconate (ZG) is introduced as an effective additive to the frequently used ZnSO4

electrolyte in AZIBs. Particularly, there are rich oxygen-containing functional groups in ZG, such as

hydroxyl groups, which can promote the preferential ZG adsorption and subsequent dispersion of zinc

ions on the electrode interface. Consequently, partially concentrated zinc metal electroreduction can be

well suppressed, and the hydrogen evolution reaction (HER) and fatal corrosion are also effectively alle-

viated due to the isolation of free water and sulfate anions. In addition, ZG addition improves the electro-

chemical properties of AZIBs. Symmetric zinc batteries achieve ultra-long and stable capabilities of over

3200 h and 1000 h at 1 mA cm−2 (1 mAh cm−2) and 3 mA cm−2 (3 mAh cm−2), respectively. Asymmetric

cells exhibited an ultra-high average coulombic efficiency of 99.8% for 400 cycles at 5 mA cm−2 and

3 mAh cm−2. The full battery using NH4V4O10 exhibits excellent cycling stability and higher capacity reten-

tion. This study can provide a reference for developing highly stable electrolytes for AZIBs.

1. Introduction

Lithium-ion batteries, which currently occupy the main
market in the portable energy storage field, have hindered
their application in large-scale energy storage due to the rising
cost caused by limited lithium resources.1,2 In addition, the
use of toxic and flammable organic electrolytes poses safety
risks, such as fire and explosion.3,4 Moreover, the safety of
people’s lives and property is threatened. In contrast, aqueous
zinc-ion batteries (AZIBs) are considered one of the most
promising systems for grid energy storage because of their
inherent low cost (about one-sixth of the price of lithium-ion
batteries), high safety and outstanding environmental
friendliness.5–7 In particular, zinc metal anodes possess great
advantages, such as rich natural resources, high theoretical
capacity (820 mAh g−1 and 5851 mAh cm−3), low redox poten-
tial (−0.76 V vs. standard hydrogen electrode), non-toxicity,

and a non-flammable retardant nature.8–10 However, the low
coulombic efficiency (CE), serious zinc dendrite growth, hydro-
gen evolution reaction (HER) and corrosion side reactions
greatly limit the practical application of the zinc metal anode
and the industrialization or commercialization of related
AZIBs.11–14 First, due to the inherent defects of the zinc foil,
inhomogeneous distribution of the electric field and zinc ions
during the process of zinc electroreduction inevitably induces
uneven zinc deposition and occurrence of the tip effect, which
greatly promotes the growth of notorious zinc dendrites and
punctures the separator, thus leading to short circuit and
battery failure. Second, because the zinc metal anode is
thermodynamically unstable in the weakly acidic zinc salt elec-
trolyte, side reactions such as HER and corrosion inevitably
occur, which greatly limits the stability of the zinc metal
anode. Therefore, there is an urgent need to develop effective
methods for solving these problems.

To handle these intractable issues, various studies have been
reported on the inhibition of dendrite growth and alleviation of
HER and corrosion reactions, mainly including electrode
design,15–17 protective coating construction,18–22 separator
preparation23–25 and electrolyte modification.26–30 However, the
optimization procedures for zinc anodes and substrates are gen-
erally complex and expensive. In contrast, among these strat-
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egies, the electrolyte modification approach is relatively simple,
involves the use of various additives, and is an efficient and feas-
ible method for stabilizing AZIBs. Electrolyte additives generally
exhibit a strong binding affinity with zinc ions, effectively indu-
cing uniform dispersion and nucleation of ions. This process
promotes homogeneous zinc deposition while simultaneously
modifying the solvation sheath structure to suppress the activity
of free water. Through these mechanisms, electrolyte additives
can significantly inhibit HER, corrosion reactions and other side
reactions occurring at the interface, thereby enhancing the
overall stability and cycling performance of zinc metal
anodes.31–33 In particular, organic additives have been utilized to
advance the stability, such as the silk peptide,34 phenylalanine,35

N-acetyl-ε-caprolactam,36 melamine,37 sorbitol,38 nicotinic
acid,39 ethanol40 and butyrolactam.41 Similarly, inorganic addi-
tives, such as soluble salts,42–44 nanoparticle additives45,46 and
small-sized nanosheets,47,48 have also been applied to extend the
working lifespan of AZIBs. Although these additives play a sig-
nificant role in improving battery performance, most of the
reported additives are toxic or difficult to apply on a large scale,
which greatly influences the environmentally friendly advantage
and low cost of AZIBs. In addition, this may delay the practical
application and commercialization of AZIBs, which are urgently
required for large-scale energy storage. Therefore, it is of great
significance to develop a low-cost, efficient and non-toxic electro-
lyte additive to improve the stability and usability of AZIBs.

In this study, we develop a cheap and accessible zinc gluco-
nate (ZG) as a functional electrolyte additive to modify the zinc
sulfate electrolyte and optimize the electrode interface. It has
been reported that polar groups, such as amino or hydroxyl
groups, can facilitate the attraction of zinc ions. In particular,
there are rich oxygen-containing functional groups in ZG, such
as the hydroxyl group. ZG molecules can preferentially adsorb
onto the zinc anode surface. Simultaneously, they modulate the
solvation structure, inhibit the activity of free water, optimize the
electrode/electrolyte interface, resist the attack of free water by
shielding the surface, and facilitate the nucleation of zinc ions
and their homogeneous dispersion. Subsequently, dendritic zinc
development and derivative side reactions of the HER and cor-
rosion behavior on the electrode interface are effectively relieved.
Therefore, based on the above advantages, it is vital to modify
the electrolyte by adding ZG, enhance the stable zinc deposition/
dissolution and prolong the performances of AZIBs. As a result,
symmetric cells with the ZG additive achieve an extremely
superior demonstration of stable cycling of over 3200 h under
conditions of 1 mA cm−2 and 1 mAh cm−2, and an ultra-high
average CE of 99.8% can also be achieved in asymmetric cells for
400 cycles at 5 mA cm−2 and 3 mAh cm−2. Compared to the pris-
tine electrolyte, the full cell using ZG shows a more excellent
cycling stability and reversibility.

2. Results and discussion

Fig. 1a shows the long-time cycling stability of symmetric cells
using different electrolytes at a current density of 1 mA cm−2

and an areal capacity of 1 mAh cm−2. It can be clearly observed
that the presence of the ZG additive effectively improves the
stability of the zinc metal anode. Meanwhile, it should be
pointed out that an additional amount of ZG in the electrolyte
exerts an impact on the lifespan performance of cells. In particu-
lar, when the concentration of the additive is selected at 10 mM,
the symmetric cell displays the longest cycling performance of
3200 h, which is notably superior to other electrolytes. A
uniform interface adsorption layer cannot be produced at an
insufficient additive concentration of 5 mM, resulting in weak
effects. However, excess adsorption would increase the transfer
barrier of zinc ions on the electrode interface as the concen-
tration exceeds the appropriate condition, which may not be
conducive to facilitating the uniformity of zinc ion distribution.
As shown in Fig. S1, when the addition amount exceeds 10 mM
and increases to 50 mM or 100 mM, the ionic conductivity sub-
sequently decreases, which should be caused by the increased
energy barrier of ionic transport due to excessive ZG accumu-
lation on the electrode interface. Therefore, an electrolyte with
an additive amount of 10 mM is considered the main research
object in this work, which is named ZSO–ZG. Fig. 1b and c
display scanning electron microscopy (SEM) images of cycled
zinc electrodes after 50 plating/stripping cycles in ZSO–ZG and
ZSO electrolytes, respectively. In particular, for zinc foil in ZSO–
ZG, there is a relatively flat surface morphology and reduced gap
appearance, which should be caused by the effective suppression
of corrosion behavior and the orderly guidance of zinc depo-
sition.49 In contrast, the zinc electrode in the pristine ZSO elec-
trolyte shows a rather heterogeneous zinc growth behavior
accompanied by the production of by-products.

To further verify the improved deposition procedure
induced by the ZG additive, real-time optical observation is
implemented using a self-made device. As shown in Fig. 1d
and e, the electrode morphology during Zn plating at 10 mA
cm−2 is exhibited. Fig. 1d displays detailed behavior in ZSO–
ZG, from which a dendrite-free electrode surface and avoided
HER can be obtained even after 45 min due to the abilities of
inducing zinc dispersion and isolating free water. In contrast,
as shown in Fig. 1e, three distinct small bubbles (marked by
red circles) are visible near the Zn metal anode surface, while
the plating time was only 15 min, indicating that HER is trig-
gered. Then, a small metal protrusion (pointed by the red box)
can be clearly noticed from the zinc substrate, while the
plating time extends to 30 min. As the process continues for
45 min, uneven zinc deposition and dendrite growth become
even more obvious. The comparison difference further reflects
the significant effects of regulating homogenous zinc depo-
sition behavior and suppressing interfacial hydrogen evolution
and precipitation due to ZG introduction. In brief, Fig. 1f sche-
matically illustrates the action process of zinc deposition
between these two electrolytes. Because of the deficient
capacity of dispersing zinc ions and defending free water on
the electrode interface, inevitable dendrite formation and com-
petitive HER still exist in pristine ZSO, producing other side
reactions and shortening the electrode lifespan. In sharp con-
trast, functional ZG additive tends to preferentially adsorb on
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the zinc surface, which is beneficial to attracting zinc ions,
guiding orderly dispersion and avoiding local accumulation.
Therefore, the tip effect and dendrite growth will be effectively
suppressed. Meanwhile, the adsorption layer of ZG molecular
blocks the attack of free water on the electrode interface and
alleviates the corrosion behavior, and SO4

2− anions are
rejected; thus, the formation of by-products
(Zn4(OH)6SO4·xH2O, ZHS) can be inhibited.

To investigate the effects of ZG additive introduction on
electrolyte physicochemical properties, a series of characteriz-
ation studies were conducted. First, the pH test results show a
slight increase caused by ZG additives in the ZSO electrolyte
(Fig. S2); this is because the introduction of ZG can suppress
the dissociation of free water. However, individual pH changes
cannot achieve performance improvement, which can be deter-
mined, as shown in Fig. 1a. Meanwhile, wettability exploration
of the two electrolytes is compared using contact angle
measurements, from which the ZSO–ZG electrolyte can achieve
a contact angle of approximately 89°, which is lower than the
94° of pristine ZSO (Fig. S3). This difference may be attributed
to the ZG molecular component disrupting internal hydrogen
bonding interactions and reducing the surface tension of the
functional electrolyte. The electrostatic potential (ESP) distri-
bution of the ZG molecule is illustrated in Fig. 2a, from which

the charge enrichment appears near oxygen-containing
groups, indicating that these sites are beneficial for attracting
and coordinating zinc ions. Furthermore, DFT analysis was
employed to evaluate preferential adsorption between H2O and
the ZG molecule. As displayed in Fig. 2b, the calculated results
reveal that the ZG molecule exhibits larger adsorption energy
compared to H2O molecules on both the zinc (002) and (101)
crystal planes, demonstrating that ZG can achieve preferential
adsorption on the zinc surface. The corresponding molecular
models for adsorption are depicted in Fig. S4. This effectively
promotes the existence of a shielding layer on the interface,
which may help isolate the contact of free water and sulfate
anions with the zinc electrode, thereby mitigating corrosion
issues. Similarly, preferential ZG adsorption facilitates zinc ion
dispersion and avoids nucleation concentration.50 To investi-
gate the interfacial migration kinetics of zinc ions, electro-
chemical impedance spectroscopy (EIS) was conducted at
various temperatures for the two electrolytes (Fig. 2c and S5).
By fitting the result relationship between impedance and
temperature, it can be found that the activation energy of the
cell using ZSO–ZG electrolyte (24.03 kJ mol−1) is lower than
that of pristine ZSO (29.34 kJ mol−1), indicating a low energy
barrier for zinc ion migration at the interface and then facili-
tating rapid zinc transfer. Moreover, zinc ion transfer number

Fig. 1 (a) Comparative cycling performance of the symmetric cells in different electrolytes at 1 mA cm−2. SEM images of the cycled zinc foil in (b)
ZSO–ZG and (c) ZSO at 2 mA cm−2 for 50 cycles. The real-time optical images of zinc plating at 10 mA cm−2 in (d) ZSO–ZG and (e) ZSO. (f ) The
schematic of zinc plating and growth in ZSO and ZSO–ZG electrolytes.
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measurements in ZSO and ZSO–ZG have also been obtained by
conducting EIS curves and constant-current polarization
curves, as shown in Fig. 2d and e. Notably, the ZSO–ZG electro-
lyte performs a significantly higher transfer number (0.619)
compared to ZSO (0.411), demonstrating that the ZG additive
can accelerate zinc ion migration kinetics. It is well known
that the diffusion tendency of zinc ions and the initial nuclea-
tion process exert significant effects on the subsequent depo-
sition process. The chronoamperometry (CA) curves collected
at a fixed overpotential of −150 mV were carried out to evaluate
the diffusion behavior of zinc ions and changes on the zinc
electrode surface. As shown in Fig. 2f and S6, the current
density gradually increases in the ZSO electrolyte, which rep-
resents a continuous two-dimensional (2D) diffusion process
that induces constant accumulation near the zinc tip and
uneven deposition.51 Finally, the negative deposition evolves
into dendrite status and leads to short-circuit failure. In con-
trast, a smaller value of current density is displayed in ZSO–
ZG, and the related change slows down and remains stable
after 100 s, indicating that 2D diffusion behavior can be sig-
nificantly inhibited. This phenomenon stems from the adsorp-
tion of zinc ions on the electrode surface, which creates a
favorable environment that effectively suppresses disordered
2D diffusion. For other ZG-based electrolytes, an excessive
addition concentration prolongs the disordered two-dimen-
sional diffusion time, impeding the homogenization of the
initial zinc nucleation. It should be confirmed that the ZG
additive facilitates the uniform diffusion of zinc ions and the
initial nucleation. Therefore, owing to uniform initial zinc
nucleation, dendrite-free zinc deposition can be achieved.

Under the weak acidic conditions of the common ZSO elec-
trolyte, corrosion behavior seriously restricts the stability of

the zinc metal electrode. To evaluate HER activity in the pre-
pared electrolytes, linear sweep voltammetry (LSV) measure-
ments were carried out. As shown in Fig. 3a, the HER potential
of the ZSO–ZG electrolyte is obviously lower than that of pris-
tine ZSO, indicating the improvement of reliving the attack of
free water, which helps enhance a certain inhibitory effect on
HER during the zinc plating/stripping process. To further
investigate the corrosion behavior of the zinc electrode in the
electrolytes with ZG additive, Tafel tests and immersion experi-
ments are also conducted. Fig. 3b illustrates the Tafel results
measured using a three-electrode system, from which there is
a slight increase in the corrosion potential in ZSO–ZG com-
pared to ZSO. This comparison demonstrates the mitigation
effect of the ZG additive in reducing the formation of by-pro-
ducts and hydrogen sedimentation on the zinc metal anode.
XRD patterns of the zinc foil after soaking for 7 days notably
show that peaks located at 16°, 24°, and 32° correspond to sig-
nificant by-product (ZHS) reduction after ZG introduction
(Fig. 3c), but these peaks can still be found in pristine ZSO. As
displayed in Fig. 3d–f, related SEM results further demonstrate
detailed interface changes in these samples. Compared to pro-
cessed zinc covered by uneven corrosion sheets in ZSO, there
is a relatively small amount of sheet corrosion by-products on
the zinc sample soaked in electrolyte containing ZG additive
although they are not as flat as uncycled zinc foil.

In addition to side reactions, such as HER and corrosion
behavior, the production of dead zinc and the resulting low CE
also hinder the stable cycling of AZIBs. Therefore, asymmetric
cells were assembled to conduct a series of electrochemical
tests. As shown in Fig. 4a, CE tests of asymmetric cells at 5 mA
cm−2 with an area capacity of 3 mAh cm−2 indicate a signifi-
cant effect of the ZG additive on improving cycling stability

Fig. 2 (a) ESP mapping of the ZG molecule. (b) Adsorption energy of the H2O and ZG components on Zn (002) and Zn (101) planes. (c) Arrhenius
curves and calculated activation energies of the symmetric cells using two electrolytes. The constant current polarization curves and Nyquist plots
before/after polarization in (d) ZSO–ZG and (e) ZSO electrolytes. (f ) CA curves.
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Fig. 3 (a) LSV curves of the two electrolytes. (b) Tafel plots. (c) XRD patterns of the zinc foils immersed in ZSO–ZG and ZSO after 7 days. SEM
images of (d) the bare zinc foil and zinc foils immersed in the electrolytes of (e) ZSO–ZG and (f) ZSO for 7 days.

Fig. 4 (a) CE performance of the asymmetric cell in different electrolytes at 5 mA cm−2. Corresponding voltage profiles at different cycles of (b)
ZSO–ZG and (c) ZSO. (d) Time-voltage profiles in the rate performance of two electrolytes and (e) the corresponding rate CE comparison. (f )
Cycling performance of the symmetric cells in different electrolytes at 3 mA cm−2. (g) GITT results of the cells at 5 mA cm−2.
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and increasing the utilization ratio of zinc deposition. In par-
ticular, the asymmetric cell shows a long cycling life exceeding
400 cycles, higher initial CE (96.2% vs. 95.5%, Fig. S7), and
maintains an average CE over 99.8%, while the cell in the ZSO
electrolyte encounters a sudden failure after 80 cycles.
Otherwise, corresponding voltage curves at different cycles can
also be used to further assess the plating/stripping behavior of
deposited zinc metals in different electrolytes. As observed
from the results in ZSO–ZG, the voltage hysteresis between
plating and stripping stages always remains relatively stable
(Fig. 4b), with little difference in the calculated values at
different cycles, from the initial 90.4 mV to 58.2 mV (100th

cycle), 56.7 mV (300th cycle) and final 65.0 mV (400th cycle),
indicating positive effects of stabilizing Zn plating/stripping
process and reducing interfacial side reactions.52 However, for
the cell using ZSO electrolyte, a continuous increase in voltage
hysteresis occurs due to the inevitable development of dead Zn
and interfacial passivation layer (Fig. 4c). Specifically, a low
value of 86.1 mV (1st cycle) rapidly changes to 132.3 mV (40th

cycle) and then an extremely high value of 606.6 mV at the 80th

cycle. This obvious variation should be explained by the confir-
mation of the electrode morphology in the ZSO electrolyte, as
shown in Fig. 1c. In addition, rate testing results of cells at
various current densities (1, 2, 3, 5 and 10 mA cm−2) also show
the good effect of the ZG additive. In the ZSO–ZG electrolyte,
the cell maintains an ultralong cycling life for more than
2400 h, and a rapid failure only after 160 h happens in ZSO
(Fig. 4d). Notably, as shown in Fig. 4e, a detailed comparison
of the CE performances of the two cells further highlights the
effective capabilities of reducing and even suppressing the by-
products on the zinc electrode interface, which also manifests
an avoided appearance of locally concentrated zinc growth.

The assembled symmetric zinc cell in ZSO–ZG also shows a
good cycling stability (Fig. 4f and S8). ZG molecules can prefer-

entially adsorb on the surface of the zinc anode, which
increases interfacial transfer impedance, thereby increasing
nucleation overpotential and voltage hysteresis. When working
at a current density of 3 mA cm−2 and an areal capacity of
3 mAh cm−2, a longer cycling life of 1000 h in the cell contain-
ing ZG is obtained, which is 10 times longer than the cell
using ZSO (about 83 h). Even cycled at a higher current density
of 10 mA cm−2 and higher depth of discharge (DOD) values of
10%, 17%, and 33%, the symmetric cell using ZSO–ZG can
perform a longer cycling life as well (Fig. S8). Similarly, as
shown in Fig. S9, the cell at different current densities (1, 2, 3,
5, and 10 mA cm−2) also exhibits superior rate capability due
to ZG addition. In electrolytes containing ZG additives, a
smaller voltage hysteresis change can be maintained along
with a stable cycling life, which is attributed to enhanced cor-
rosion inhibition and relived by-product (insulated ZHS) for-
mation, while the cell using ZSO encounters a short circuit
failure only after about 170 h. In particular, the ZG additive
can be further proved by employing the galvanostatic intermit-
tent titration technique (GITT) to determine the positive
effects of stabilizing the interface and suppressing corrosion
(Fig. 4g). During the continuous plating/stripping process, a
temporary charge/discharge suspension exacerbates the for-
mation of corrosion products, thereby further shortening the
stability and lifespan of the cell. Compared to the merely
unchanged cycling tendency, the cell using ZSO suddenly
encounters a sharp increase in voltage hysteresis after 135 h,
which is mainly caused by the severe accumulation of insu-
lated ZHS that blocks ion and electron transfer.

In order to evaluate the practical effect of the developed ZG
electrolyte additive, full cells with NH4V4O10 (NVO) as the
cathode were assembled for subsequent electrochemical tests.
For the synthesized cathode sample, Fig. S10 shows the con-
ducted XRD result that indicates the main component should

Fig. 5 Discharge–charge profiles of the full cells with (a) ZSO and (b) ZSO–ZG electrolytes. (c) Rate capabilities. (d) Long-term cycling perform-
ances of the full cells using different electrolytes at a current density of 0.5 A g−1.
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be confirmed as NH4V4O10 (PDF#31-0075), which is well con-
sistent with the reported work.53 Moreover, the related SEM
image of the successfully prepared material is depicted in
Fig. S11, from which the typical morphology of a uniform
nanobelt can be observed. As illustrated in Fig. 5a and b, the
specific discharge–charge curves of full cells with two electro-
lytes in different cycles show that ZG introduction significantly
improves cycling stability during the long-term process and
effectively slows down capacity decay. Fig. 5c further displays
the rate performance of these two full cells at different current
densities of 0.5, 1, 2, 3, 4 and 5 A g−1. It can be observed that
the cell using ZSO–ZG exhibits higher capacity delivery than
the cell with ZSO and maintains a more delayed capacity decay
after severe activation at large current densities. To explore the
long-term electrochemical stability of two electrolytes in full
cells, charge/discharge processes at a current density of 0.5 A
g−1 have been measured, as illustrated in Fig. 5d. Specifically,
the full cell with ZSO–ZG can still perform more excellent
capacity retention and larger specific capacities during the
whole 250 cycles. There is a superior initial capacity delivery of
226.3 mAh g−1; then, the specific capacity of 184.5 mAh g−1

can be maintained after 250 cycles, corresponding to a
capacity retention of 81.5%. However, for the cell with ZSO
electrolyte, a rapid capacity loss occurs only after 8 cycles, and
a low capacity of 67 mAh g−1 is achieved at the 250th cycle
(capacity retention of 29.6%). Therefore, the ZG additive helps
improve decay behavior in the capacity delivery of AZIBs.

3. Conclusion

In this study, ZG is explored as a functional electrolyte additive
of AZIBs for improving electrochemical performance. Improved
activation energy, homogenized dispersion of zinc ions and
increased ion transference number are well achieved in the
electrolyte with ZG. Moreover, owing to the unique structure of
rich hydroxyl groups in the ZG additive, preferential adsorption
on the zinc interface can effectively relieve the HER caused by
free water and achieve the effective alleviation of corrosion by-
products. Abundant zincophilic sites provided by the ZG addi-
tive can induce dispersed zinc distribution and growth, thereby
preventing dendrite formation. When applied in assembled
cells, prolonged cycling lifespan (3200 h), superior rate per-
formance (up to 10 mA cm−2), ultrahigh CE performance
(99.8%), small voltage polarization (65.0 mV for 400 cycles) and
superior capacity retention (81.5% after 250 cycles) can be deli-
vered in electrolyte using ZG. This electrolyte modification
strategy plays a helpful role in improving the cycle stability and
reversibility of AZIBs and can provide significant guidance for
developing functional electrolytes toward long-life, stable and
high-performance energy storages systems.
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