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Manipulating the Solvation Structure and Interface via a
Bio-Based Green Additive for Highly Stable Zn Metal Anode

Yan Wang, Xiaohui Zeng,* Haiji Huang, Dongmei Xie, Jianyang Sun, Jiachang Zhao,*
Yichuan Rui, Jinguo Wang, Jodie A. Yuwono, and Jianfeng Mao*

The practical application of aqueous zinc-ion batteries (AZIBs) is limited by
serious side reactions, such as the hydrogen evolution reaction and Zn
dendrite growth. Here, the study proposes a novel adoption of a
biodegradable electrolyte additive, 𝜸-Valerolactone (GVL), with only 1 vol.%
addition (GVL-to-H2O volume ratio) to enable a stable Zn metal anode. The
combination of experimental characterizations and theoretical calculations
verifies that the green GVL additive can competitively engage the solvated
structure of Zn2+ via replacing a H2O molecule from [Zn(H2O)6]2+, which can
efficiently reduce the reactivity of water and inhibit the subsequent side
reactions. Additionally, GVL molecules are preferentially adsorbed on the
surface of Zn to regulate the uniform Zn deposition and suppress the Zn
dendrite growth. Consequently, the Zn anode exhibits boosted stability with
ultralong cycle lifespan (over 3500 h) and high reversibility with 99.69%
Coulombic efficiency. The Zn||MnO2 full batteries with ZnSO4-GVL electrolyte
show a high capacity of 219 mAh g−1 at 0.5 A g−1 and improved capacity
retention of 78% after 550 cycles. This work provides inspiration on bio-based
electrolyte additives for aqueous battery chemistry and promotes the practical
application of AZIBs.
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1. Introduction

The ever-growing energy consumption
and considerable decarbonization re-
quirements call the pursuit of large-scale
storage of renewable energy sources.[1–12]

Lithium-ion batteries (LIBs) have been
the dominant energy storage system,
however, some inherent drawbacks ren-
der them less feasible for large-scale in-
dustrial applications, such as the lim-
ited resources, high cost, and potential
safety issues.[2–5] Aqueous zinc-ion bat-
teries (AZIBs) have emerged as a promis-
ing alternative beyond conventional LIBs
due to the high specific capacity (820
mAh g−1 and 5855 mAh cm−3), low re-
dox potential (−0.76 V vs the standard
hydrogen electrode), abundance and low
toxicity of Zn metal anode.[8–12] Nev-
ertheless, their practical application is
largely limited by the parasitic reac-
tions such as hydrogen evolution reac-
tion (HER) and Zn dendrite formation,
which result in inferior cycling stability

and low Coulombic efficiency (CE). The H2 generation and
growth of Zn dendrites lead to continuous consumption of elec-
trolyte and active Zn, eventually causing a short circuit, battery
swelling or even battery explosion.[13–15]

To address the aforementioned challenges of Zn metal an-
ode, some strategies have been proposed, including separator
modifications,[16–18] anode protective coating,[19,20] Zn-alloying
metals.[21,22] However, the preparation processes of these strate-
gies are complicated and the manufacturing cost is relatively ex-
pensive compared to electrolyte modulation. It is well known
that electrochemical behavior of Zn anode strongly relies on the
electrolyte formulation and electrode-electrolyte interface. There
is a direct correlation among the solvation structure of Zn-ion,
water reactivity, and interface interaction. The addition of inor-
ganic/organic molecules into conventional electrolyte is an ac-
knowledged and facile method to optimize electrolyte compo-
sition and electrode/electrolyte interface, and thus enhancing
the electrochemical performance of Zn anode.[23–28] For exam-
ple, some organic additives have a strong interaction with H2O
molecules and Zn2+ to break the original hydrogen bonding
network and reconstruct the Zn2+ solvation structure, and con-
sequently suppress the detrimental HER and by-products for-
mation. Due to the abundant functional groups, some organic
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molecules are prone to adsorb on electrode–electrolyte interface,
which can regulate the local electric field distribution and thus
enable dendrite-free Zn deposition.[25,26] However, exploring a
multifunctional electrolyte additive that simultaneously manipu-
lates Zn2+ solvation structure and regulates electrode–electrolyte
interface is still challenging, and the reversibility and cycling
lifespans of these existing Zn electrodes remain unsatisfactory.

The ideal electrolyte additive for AZIBs is expected to
not only have the capability for ensuring advanced electro-
chemical performance of Zn, but should also possess non-
toxicity, bio-compatibility, low cost, and large-scale application
prospects.[27,28] However, most electrolyte additives employed for
AZIBs were not designed with these crucial criteria in mind.
Given the inherent low cost and environmental benignity of AZ-
IBs, electrolyte additives should be consistent with the original
nature of AZIBs. Therefore, the criteria for selecting electrolyte
additives should not only focus on the effects of side reactions
and dendrites suppression, but also the environmental friendli-
ness and practical applications. Green and sustainable electrolyte
additives are thus highly desirable for wide-scale integration of
high-performance AZIBs.

Here, we report the use of biocompatible, non-toxic, and low-
cost 𝛾-Valerolactone (GVL) as a multifunctional electrolyte addi-
tive in conventional ZnSO4 electrolyte. Only with a small amount
of 1 vol.% in the electrolyte, the GVL-based electrolyte could
regulate Zn2+ solvation structure and interface simultaneously,
achieving a highly stable Zn anode. Experiments and theoretical
computations verify that the GVL organic molecules have strong
coordination with Zn-ions to engage the solvation structure and
rearrange hydrogen bonding network, which could hinder wa-
ter decomposition and by-products formation. Meanwhile, GVL
additive could adsorb at the electrode-electrolyte interface to im-
pede the deterioration of the tip effect and thus enable uniform
Zn deposition. Consequently, with 1 vol.% GVL in the electrolyte,
Zn||Zn symmetrical cells exhibit a prolonged cycle lifespan of
over 3500 h at 1 mA cm−2, 1 mA h cm−2 and 650 h even at harsh
condition of 10 mA cm−2, 10 mA h cm−2. The average coulom-
bic efficiency remains 99.69% over 1200 cycles. The Zn||MnO2
full batteries with 1 vol.% GVL electrolyte also exhibit superior
electrochemical performance to the baseline 2 m ZnSO4 elec-
trolyte (BE). This simple yet effective strategy for electrolyte de-
sign opens up a green and environmentally friendly route toward
the practical application of AZIBs.

2. Results and Discussion

Zn||Zn symmetric cells were utilized to evaluate the cycling sta-
bility of Zn electrodes. It should be noted that the optimal concen-
tration of GVL is 1% by volume, as demonstrated in Figures S1–
S3 (Supporting Information). Figure 1a shows the cycle stability
of Zn electrodes in the electrolytes with and without GVL at the
1 mA cm−2 and 1 mA h cm−2. In the baseline electrolyte (BE) of
2 m ZnSO4, the cells had a short circuit after only 300 hours ow-
ing to Zn dendrite. Remarkably, the symmetric cells in 1 vol.%
GVL electrolyte (1% GVL) maintained stable voltage and ultra-
long cycling performance for over 3500 h. The Zn electrode with
1 vol.% GVL electrolyte showed excellent long-term cycling sta-
bility and reversibility even under harsh conditions (Figure 1b–
d). At the current density of 5 mA cm−2 and capacity of 5 mA

h cm−2, the symmetric cells with 1% GVL electrolyte exhibited
excellent cycling stability for 1400 h (Figure 1c). In contrast, the
cells failed after only 150 h in the BE electrolyte. Similarly, un-
der a stricter condition (10 mA cm−2 and 10 mA h cm−2), the
symmetric cells still presented a longer cycle lifespan (650 h)
compared to the BE electrolyte (100 h), as shown in Figure 1d.
The excellent charge/discharge process of Zn electrode could be
attributed to the inhibition effect of Zn dendrites and side re-
actions, which results from the introduction of GVL additive.
Figure 1e shows the cumulative plated capacity (CPC) compared
with other representative-reported works.[29–43] Significantly, the
1% GVL electrolyte displays a high CPC of 3.25 Ah cm−2 at 10 mA
h cm−2, which outperforms many other reported additives. These
results strongly confirm the positive effect of GVL addition in
boosting the electrochemical stability of the Zn electrodes. Im-
portantly, the electrolyte with 1% GVL additive is non-flammable
(Figure S4, Supporting Information).

The reversibility of Zn electrodes is evaluated via Zn||Cu asym-
metric cells. As depicted in Figure 2a (Figure S5, Supporting In-
formation), asymmetric Zn||Cu cells in the 1% GVL electrolyte
exhibited a high average CE of 99.69% at 1 mA cm−2 and 1 mA
h cm−2. In contrast, the CEs in the BE electrolyte displayed obvi-
ous fluctuations at around 400th cycle and decreased rapidly in
the following cycles, due to generation of side reactions and Zn
dendrites.[44] As shown in Figure 2b,c, the CE of the 1st cycle in
the BE electrolyte is 96.3%, but decreased significantly to 94.2%
after 400 cycles. In contrast, the initial CE is 96.9% after the ad-
dition of GVL and remains 99.7% after 1000 cycles.

The effect of GVL additive on inhibiting side reactions and
adjusting Zn deposition, was demonstrated by Linear sweep
voltammetry (LSV), linear polarization test, X-ray diffraction
(XRD), the scanning electron microscopy (SEM), Cyclic voltam-
metry (CV) and Chronoamperograms (CAs). The hydrogen evo-
lution reaction (HER) was tested with linear sweep voltammetry
(LSV) (Figure S6, Supporting Information). Current response oc-
curred at −1.04 V (vs Ag/AgCl) in the BE electrolyte. In contrast,
the current response occurred at −1.09 V in 1% GVL electrolyte.
The negatively shifted potential evidences that the introduction
of GVL into the electrolyte significantly restrained the electro-
chemical water decomposition. These findings were confirmed
via a linear polarization test. As shown in Figure 3a, the Zn elec-
trode in 1% GVL electrolytes exhibited higher corrosion voltage
of -0.972 V and significantly lower corrosion current density of
2.302 mA cm−2 than BE electrolyte (4.738 mA cm−2). These find-
ings demonstrated that GVL could alleviate corrosion processes
and protect the Zn anode. As illustrated in Figure 3b, the BE elec-
trolyte exhibited strengthened diffraction peak of the by-product
of Zn4SO4(OH)6·xH2O, derived from competitive H2 evolution
during Zn deposition and the subsequently local pH increase.
The weak diffraction peak of the by-product in the 1% GVL elec-
trolyte clarifies the inhibition effect of GVL additive on water re-
activity. Moreover, the addition of GVL is favorable for Zn de-
position on beneficial (002) plane, which could contribute to a
dendrite-free Zn deposition.[45,46]

To obtain the insight into the effect of GVL additive on the Zn
deposition, the wettability of Zn electrode is assessed. As shown
in Figure 3c, the contact angle of Zn foil in the BE electrolyte
was measured to be high as 99.7°. In contrast, the contact angle
was significantly reduced to 78.9° in 1% GVL electrolyte. These
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Figure 1. Cycling performance of Zn||Zn symmetric cells at a) 1 mA cm−2, 1 mA h cm−2, b) 3 mA cm−2, 3 mA h cm−2, c) 5 mA cm−2, 5 mA h cm−2, and
d) 10 mA cm−2, 10 mA h cm−2. e) Cumulative plated capacity versus capacity per cycle of 1% GVL electrolyte compared with selected others.
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Figure 2. a) Coulomb efficiency (CE) of Zn||Cu half cells in different electrolytes. Charge/discharge voltage curves of half cells with b) 1% GVL and c)
BE electrolytes, and partial enlarged view.

findings demonstrated that the GVL-containing electrolyte has
favorable infiltration ability to Zn metal and thus producing ho-
mogeneous Zn plating.[29] The plating morphology is closely re-
lated to the initial nucleation behavior. As shown in cyclic voltam-
metry (CV) testing results (Figure 3d), the nucleation overpoten-
tial of Zn electrode in 1% GVL electrolyte increased by 22 mV
compared to that in the BE electrolyte, resulting in greater nu-
cleation driving force and the formation of smaller Zn nuclei to
inhibit random 2D diffusion and Zn dendrite formation.[35,47,48]

These results further confirmed by chronoamperometry (CA)
curves. Figure 3e illustrates that in the BE electrolyte, the cur-
rent response increases for 400s at a constant overpotential of -
150 mV, indicating irregular dendritic Zn formation.[49,50] In con-
trast, the current density increases slightly in 1% GVL electrolyte
and the current response decreases. These results indicate that
the GVL additive can regulate dense and uniform Zn deposition,
as verified in SEM images. In BE electrolyte, the Zn surface ap-
peared as loose and rough dendrites (Figure 3f,g). Conversely,
the Zn electrode surface formed dense structure in 1% GVL elec-
trolyte (Figure 3 h,i).

The influence of GVL molecules on the properties of ZnSO4
electrolyte was investigated by Nuclear magnetic resonance
(NMR), Raman and Fourier transform infrared spectroscopy
(FTIR) spectra. As presented in Figure 4a, 2H peak shifted
in the 1% GVL electrolyte compared to that in the BE elec-
trolyte. This finding demonstrated that surrounding electronic
density decreased due to the interaction between GVL and D2O

molecules.[32] The introduction of GVL can weaken the solvation
interaction between Zn2+ and H2O, which can be further con-
firmed by Raman and FTIR results. The decreased peak inten-
sity and the 𝜈(SO4

2–) vibration shifted in 1% GVL electrolyte indi-
cate an impaired electrostatic coupling between Zn2+ and SO4

2–

(Figure 4b).[35] As shown in Figure S7 (Supporting Information),
the O─H vibration is between 2800 and 3800 cm−1 in the Ra-
man spectrum.[51] The decrease in the intensity of the O─H vi-
brational band verified that the reactivity of H2O molecular in
1% GVL electrolyte is much lower than that in the BE electrolyte.
In addition, the FTIR spectrum also exhibited a blueshift in the
O─H stretching vibration of H2O with the increase of GVL con-
centration, which further proved that GVL can affect the sol-
vation structure, as shown in Figure 4c (Figure S8, Supporting
Information).[52,53]

The radial distribution functions (RDFs) and the coordination
number (N(r)) from molecular dynamics (MD) simulation were
obtained to investigate solvation structure of the electrolytes. As
represented in Figure 4d, in the BE electrolyte, Zn─O pair pre-
sented a sharp peak away from Zn2+ ≈1.94 Å in the distance.
Similarly, in the GVL-containing electrolyte, the peak of Zn─O
pair from the GVL molecule and water was observed also at 1.94
Å, which proved that GVL molecule can participate in the sol-
vation structure of Zn2+. In addition, after the introduction of
GVL additive, the N(r) of Zn2+ coordinated H2O in the solvated
structure decreased from 4.78 to 4.58, whereas the N(r) of GVL
increased from 0 to 0.025 (Figure 4e). When the concentration
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Figure 3. a) Linear polarization curves of Zn electrode. b) XRD of Zn-foil in BE and 1% GVL electrolyte for half cells after 50 cycles at 1 mA cm−2, 1 mA
h cm−2. c) Contact angle measurement of electrolytes with Zn electrode. d) Cyclic voltammetry (CV) curves of Zn||Cu half cells in the BE and 1% GVL
electrolytes. e) Chronoamperograms (CAs) of Zn electrode at −150 mV. f–i) SEM images of Zn electrode after 50 cycles in f,g) BE and h,i) 1% GVL
electrolyte.

of GVL increased to 20%, the value of N(r) is further increased
to 0.26, implying that GVL molecules are involved in the Zn2+

solvation structure (Figure S9, Supporting Information).[54]

The species composition of Zn2+ solvation structure in the
electrolytes of BE and 1% GVL was investigated (Figure 4f,g). In
BE electrolyte, [Zn(H2O)6]2+ accounted for 40.8% of all Zn2+ sol-
vated structures, whereas in 1% GVL electrolyte, [Zn(H2O)6]2+

accounted for 39.3% of all Zn2+ solvated structures. In ad-
dition, the addition of GVL increased the species compo-
sition of Zn2+ solvated structures. When the concentration
of GVL increased further (Figure S10, Supporting Informa-
tion), the content of [Zn(H2O)6]2+ decreased, and the pres-
ence of Zn[(H2O)5(C5H8O)]2+ indicated that GVL molecules
engage the solvation structure of Zn2+. These results demon-
strated that GVL additive breaks the original hydrogen bond-
ing network and reconstruct the Zn2+ solvation structure, and

consequently suppress the decomposition of water and side
reactions.

The interaction behavior of Zn2+, H2O and GVL molecules
was studied by DFT calculations. The DFT calculations showed
that the binding energy of Zn2+-GVL is larger than that of Zn2+-
H2O (Figure 4h), implying Zn2+ prefers to coordinate with GVL
molecules rather than H2O molecules. This result is consis-
tent with MD simulation.[55] The ab-initio calculations were per-
formed to investigate and compare the adsorption energy of GVL
and H2O molecules with Zn plates. As shown in the Figure 4i,
the interaction between GVL molecules and the Zn plate was
stronger than that of H2O molecules at any adsorption location,
and GVL molecules were preferentially adsorbed on 002 crys-
tal surface of Zn (GVL(P)). GVL has a greater highest occupied
molecular orbital (HOMO) than that for H2O, and thus elec-
trons in GVL are more readily lost when absorbing on the Zn
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Figure 4. a) 2H NMR spectra for BE and 1% GVL electrolyte. b) Raman spectra of BE and 1% GVL electrolyte. c) FT-IR spectra. The RDF and coordination
number analyses in d) BE and e) 1% GVL. Distributions of possible Zn2+ solvation sheath compositions of f) BE and g) 1% GVL from MD simulation.
h) Binding energy of Zn2+-H2O (left) and Zn2+-GVL (right). i) Adsorption energy comparison of H2O and GVL molecules on Zn (002) crystal plane.

surface and further confirming strong chemical adsorption of
GVL (Figure S11, Supporting Information).[56] The adsorption of
GVL on the surface of Zn anode can produce electrostatic shield-
ing effect, induce the uniform distribution of Zn2+, and ensure
dendrite-free Zn deposition.[32] It can also be further demon-
strated by electric double layer capacitance (EDLC). Compared
with the BE electrolyte, the EDLC value of the electrolyte con-
taining GVL is smaller: BE (27.21 μF cm−2)>1% GVL (10.88 μF
cm−2) (Figure S12, Supporting Information). The smaller EDLC
indicates a greater thickness of the diffusion layer for Zn2+ and
account for the worse reaction kinetics, further confirms the pref-
erential absorb of GVL on the surface of the Zn anode (Figure 4i).
However, the strong interaction between GVL and Zn2+ ions can
partially cancel the limitation for reaction kinetics from the ad-
sorption of GVL molecules as the “smoother” for Zn deposi-
tion (Figure 4h). Thus, the GVL could be an appropriate additive

which synergically favors the smooth Zn deposition without sac-
rificing the reaction kinetics of Zn anodes.[57,58]

To evaluate the practical applications of GVL additive, the
Zn||MnO2 full cells were assembled and tested. Commer-
cial MnO2 powder was directly used as the cathode material
(Figures S13 and S14, Supporting Information). Cyclic voltam-
mogram (CV) curves of the full batteries with BE and 1% GVL
electrolyte additive are shown in Figure 5a. The two curves ex-
hibited similar redox pairs, demonstrating the redox reaction
of MnO2 cathode is not affected by GVL additive. Full batteries
in the 1% GVL electrolyte have smaller polarization and higher
current density, which indicates a faster dynamic process and
higher discharge capacity.[31,59,60] As presented in Figure 5b–d,
the Zn||MnO2 full cell in 1% GVL electrolyte delivers superior
rate performance with high capacities of 300 mA h g−1 at 0.1 A
g−1 and 120 mA h g−1 at 2 A g−1, respectively. Notably, when the
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Figure 5. a) CV curves in BE and with 1% GVL. b) Rate capability at 0.1, 0.2, 0.3, 0.5, 1, 2, 3, and 5 A g−1. c,d) Charge–discharge curves. e) Long-term
cycling of full batteries at 0.5 A g−1 in BE and 1% GVL electrolyte.

rate shifted back to 0.1 A g−1 after high-rate cycling, the capaci-
ties recovered to ≈300 mA h g−1, resulting from the suppression
of side reactions and the improved stability of Zn anode in 1%
GVL electrolyte. MnO2 electrode in GVL-added electrolyte also
shows better wettability (Figure S15, Supporting Information)
than that in pristine ZnSO4 electrolyte, which would facilitate
the charge transport and benefit the capability of MnO2 cathode.
The long-term cycling stability of full cells were assessed at 0.5
A g−1 (Figure 5e). Zn||MnO2 full batteries in 1% GVL electrolyte
showed a greater capacity of 219 mAh g–1 and capacity retention
of 78% after 550 cycles than that in BE electrolyte (60% retention
after 550 cycles). Moreover, at high current density of 1 and 5 A
g−1, the Zn-MnO2 full cells with 1% GVL electrolyte exhibited
significantly boosted cycling performance (Figures S16 and S17,
Supporting Information).

3. Conclusion

Bio-based green GVL organic molecules are introduced into
ZnSO4 electrolyte as a multifunctional additive to effectively in-
hibit Zn dendrites and detrimental side reactions. The additive
is preferentially adsorbed at the electrode/electrolyte interface to
regulate the uniform deposition of Zn. Moreover, the Combined
experimental characterization and theoretical computation ver-
ify that GVL molecules have strong coordination with Zn-ions to
engage the solvation structure and rearrange hydrogen bonding
network, and consequently restrain the reactivity of water and by-
products formation. As a result, the Zn electrode with GVL ad-
ditive exhibit a prolonged cycle lifespan of over 3500 h at 1 mA
cm−2, 1 mA h cm−2 and 650 h even at 10 mA cm−2, 10 mA h
cm−2, significantly outperforming that of the baseline electrolyte.
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The average coulombic efficiency remains as high as 99.69% af-
ter 1200 cycles. In addition, Zn||MnO2 full batteries with ZnSO4-
GVL electrolyte showed a high capacity of 219 mAh g–1 at 0.5 A
g−1 and high capacity retention. We believe that this facile and
effective additive strategy can also be extended to other aqueous
battery systems and offer a novel route for the large-scale appli-
cation of aqueous energy storage devices.
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