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Abstract
Tuning electrolyte bulk properties, fundamentally the Zn-ion solvation structures, is key to addressing degradation 
issues in aqueous Zn-ion batteries (AZIBs). The common practice is to add water-soluble organics as a cosolvent. 
However, a comprehensive fundamental understanding of the cosolvent effect on electrolyte bulk properties is still 
lacking. In this work, using ethylene glycol (EG) as the cosolvent and 2M ZnSO4 as the base aqueous Zn-ion 
electrolyte, we report from a computational perspective how the cosolvent affects aqueous electrolyte bulk 
properties such as conductivity and pH. To ensure reliability of the computational results, we have used 
experimental ion conductivity data to validate our computing methods. Further, we show new hybrid solvation 
models that encompass H2O, cosolvent and anion, e.g., EG-Zn(H2O)5

2+ and EG-Zn(H2O)4
2+-SO4

2-. Based on these 
cosolvent-involved Zn-ion solvation models, the experimental pH trending has been successfully explained. Our 
work offers new insights into the cosolvent effect on aqueous Zn-ion electrolyte bulk properties and solvation 
structures.
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INTRODUCTION
As a potential battery for commercial large-scale energy storage applications, aqueous Zn-ion batteries 
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(AZIBs) must overcome critical degradation issues to significantly increase cycle life. The root causes of the 
degradation in AZIBs are the interactions between aqueous electrolytes and electrodes. At the Zn-anode/
electrolyte interface, during the charge cycle, hydrogen evolution reaction (HER) results in a passive surface 
layer rich in Zn-salt double hydroxides (aka. layered double hydroxides, LDH) and poor in electrical 
conductivity[1]. Since the formation and dissolution of LDH on the Zn-anode surface is not fully reversible, 
it results in a gradual LDH buildup, and thus, an increase in resistance. The extent of HER at the anode/
electrolyte interface is determined by bulk properties of electrolytes, which are fundamentally rooted in Zn-
ion solvation structures. For example, the Zn-ion solvation structure Zn(H2O)6

2+ can release H+ (i.e., 
deprotonation) via hydrolysis reactions such as Zn(H2O)6

2+ + H2O ↔ H3O+ + Zn(H2O)5(OH)+. The H3O+ (i.e., 
H+, the proton) becomes the driver for HER and the Zn(H2O)5(OH)+ becomes a precursor for Zn-salt LDH.

Similarly, LDH formation can also be promoted at the cathode/electrolyte interface during the discharge 
cycle, as the H+ derived from Zn-ion solvation structures can co-intercalate with Zn2+ into the cathode 
structure to elevate pH near the cathode surface. However, different from LDH formation at the Zn-anode/
electrolyte interface, the LDH formation at the cathode/electrolyte interface is reversible, as H+ released 
from the cathode during the charge cycle can redissolve LDH[1-3]. Instead, cathode dissolution is a primary 
degradation mechanism at the cathode/electrolyte interface[4-8], causing loss of active materials and changes 
in electrolyte bulk properties.

In the above degradation issues, the bulk properties of electrolytes play a key role. To address the issues, the 
common practice[9-13] is to tune critical bulk properties (e.g., ion conductivity and pH) of aqueous Zn-salt 
electrolytes with water-soluble organic molecules. In these cases, the organic molecules become a cosolvent, 
altering Zn-ion solvation structures through interactions between solvent molecules, ions, and cosolvent 
molecules. Therefore, the deprotonation ability of Zn-ion solvation structures, i.e., the hydrolysis of Zn2+, is 
significantly limited. As a result, HER at the anode/electrolyte interface is suppressed, and the Zn anode is 
protected from H2O corrosion and LDH formation. On the other hand, since a significant portion of the 
cathode capacity is contributed from H+ intercalation, reduced deprotonation of the Zn-ion solvation 
structures by an inappropriate cosolvent could have a negative effect on the full battery capacity. Similarly, if 
the cosolvent has a strong affinity with Zn2+, the battery capacity will also be reduced, as the intercalation of 
Zn2+ into the cathode will be impeded due to the high Zn2+-desolvation penalty. Therefore, the identification 
of a proper cosolvent that forms Zn-ion solvation structures with a balanced deprotonation and Zn2+-
desolvation is critically important to achieve high capacity of Zn-ion batteries.

Identifying the best cosolvent requires a fundamental understanding of the cosolvent effect on Zn-ion 
solvation structures, which is still lacking. To fill this scientific gap, we conduct computational work to 
investigate how the cosolvent affects bulk properties and alters Zn-ion solvation structures. Ethylene glycol 
(EG) was chosen as a cosolvent for this study because of its low cost, low volatility, and excellent solubility 
in water. Most importantly, a significant improvement in Zn-Zn half-cell cycling stability has been reported 
with the addition of a wide range of EG in 2M ZnSO4 (4 to 68 vol% with the best performance at 
40 vol%)[12-14]. However, so far little is known about why and how EG as a cosolvent in aqueous electrolytes 
influences the AZIB performance. To fill this gap, in this theoretical study, we first validate our 
computational methodology by comparing our calculated results with experimental data of ionic 
conductivity. After method validation, we further establish new hybrid solvation models that encompass 
Zn2+, SO4

2-, H2O, and cosolvent EG. Using the cosolvent-involved hybrid solvation models, the trend in 
experimental pH was successfully explained. The limitations of the developed computational methods and 
possible future work are also discussed.
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MATERIALS AND METHODS
Force field parameters for atomistic molecular dynamics simulations
Molecular dynamics (MD) at the atomistic level was performed using GROMACS (2019.6 GPU version)[15].
For water molecules and Zn2+, the Amber03 force field SPC/E model and built-in Zn2+ parameters were
used, respectively. For SO4

2- and EG, force field parameters were obtained in the following way.

Gaussian 16 software package[16] was used to perform quantum chemistry calculations (structure
optimization, frequency analysis, and single point energy calculations) for SO4

2- and EG. For SO4
2-,

calculations were performed at the B3LYP/6-311++G(d,p) level of theory, while for EG, calculations were
performed at the B3LYP/6-311G(d,p) level without diffuse functions. For single point energy calculations,
an implicit solvent model was used by adding the keyword scrf (solvent = water). Following the calculations,
the results were processed by Multiwfn[17,18] (version 3.6) and Sobtop[19] (version 1.0 dev3.1) to obtain
restrained electrostatic potential[20] (RESP) atomic charges and General Amber Force Field[21] (GAFF) force
field parameters for performing atomistic MD.

Atomistic classical MD
All the MD simulations were performed using GROMACS (2019.6 GPU version)[15]. The volume fraction of
EG (i.e., the EG concentration, denoted as f) varied from 0% to 50%, and the volume sum of EG and water
was fixed. Thus, the ZnSO4 concentration was kept the same for systems with different EG volume fractions.
In this work, the ZnSO4 concentration is 2M (2 mol/L), as this concentration has been experimentally used
in previous works[22,23] and proven to exhibit the highest conductivity[24]. At each EG volume fraction, there
were 36 Zn2+ ions, 36 SO4

2- ions, water molecules, and EG molecules in a simulation box with three-
dimensional periodic boundary conditions. For a system with f volume fraction EG, the ZnSO4

concentration is calculated by:

where n(ZnSO4), V(EG), V(W), NA, NEG, Nw, MEG, Mw, ρEG, and ρw are the amount of ZnSO4, the volume of 
EG, the volume of water, the Avogadro constant, the number of EG molecules, the number of water 
molecules, the molar mass of EG, the molar mass of water, the density of EG, and the density of water, 
respectively.

Thus, we have

and

Combining Equations (2) and (3), we have

(1)

(2)

(3)
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and

Nw and NEG were calculated at each EG volume fraction f; see Supplementary Table 1 for details.

At each f, we first performed an energy minimization (EM) to prevent unphysical particle overlapping. We 
noticed that inappropriately prepared initial configurations can lead to unphysical aggregation of anions 
and cations, which results in abnormal deviations in diffusion coefficients. To avoid the deviations, we have 
ensured that anions and cations are well dispersed in the systems. Then, we performed a 10 ns isothermal-
isochoric (NVT) MD simulation at 298.15 K, which was followed by a 40 ns isothermal-isobaric (NPT) MD 
simulation at 1 atm, 298.15 K. The time step was 0.002 ps. Nosé-Hoover thermostat was used to control the 
temperature of NVT MD and NPT MD, and Parrinello-Rahman barostat was used to control the pressure 
of NPT MD. At each f, the last 30 ns NPT MD trajectory was used for result analysis.

Diffusion coefficient and ion conductivity
Based on recent studies on analyzing diffusion coefficients from NPT MD, systematic errors seem to have 
little effect on analyzing 30 ns-length trajectories[25,26]. Therefore, we directly processed the last 30 ns NPT 
MD trajectories and calculated the mean squared displacement (MSD). According to the MSD plot in 
Supplementary Figure 1, we fitted all diffusion coefficients D using the 5,000 ps-to-15,000 ps part of the last 
30 ns NPT trajectories [Supplementary Table 2].

The ion conductivity is related to the Nernst-Einstein equation, as given in[27]

where σk, zk, ck, and Dk are the conductivity, the charges, the concentration, and the diffusion coefficient of 
the ion species k; F, R, and T are the Faraday’s constant, the ideal gas constant, and temperature, 
respectively.

In the last 30 ns NPT simulations, the equilibrium volumes of systems with different f are almost the same 
[Supplementary Figure 2], corresponding to the fixed ZnSO4 concentration ck of 2M. Thus, for an ion 
species k, the only variable that governs Equation (6) is Dk. Therefore, we have σk ∝ Dk. In addition, for 
ZnSO4, zZn2+ = zSO42+, and thus we have σ ∝ ∑kDk; i.e., higher conductivities are related to higher diffusion 
coefficients (faster diffusion).

Radial distribution function and coordination number
GROMACS built-in tools were used to calculate the radial distribution function [RDF, denoted as g(r)] 
between selected atoms. By integrating g(r) over r, we also calculated the average coordination number 
(CN), denoted as N(r), of selected atoms around a central atom within the distance r, as given in:

(4)

(5)

(6)

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202502/jmi4079-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202502/jmi4079-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202502/jmi4079-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202502/jmi4079-SupplementaryMaterials.pdf
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where ρ is the average density of selected atoms.

Hybrid solvation models and deprotonation ability
Gaussian 16 software[16] was used to perform quantum chemistry calculations. Based on the optimized 
Zn(H2O)6

2+ solvation structure and the CN N(r), we further replaced some water molecules of Zn(H2O)6
2+ by 

EG or SO4
2- to construct hybrid solvation models. Based on these models, we performed single point energy 

calculation at the B3LYP/def2-TZVP level and analyzed the deprotonation ability by calculating molecular 
electrostatic potential on the nucleus of the dissociating proton (MEPH)[28-30]. Multiwfn[17,18] was used to 
obtain the MEPH values of H nuclei in H2O. For a solvation model, we determined the MEPH value of the 
most possible site for proton dissociation. We also compared MEPH values of different solvation models to 
explain pH trends.

RESULTS AND DISCUSSION
Cosolvent-ion interactions: ion diffusion and conductivity
Figure 1 shows the individual atomic partial charges for SO4

2-, water, and cosolvent EG. As there are
electrostatic interactions between ions, water, and EG, adding EG effectively changes the spatial distribution
of ions and molecules. For example, Figure 2A shows a snapshot of EG molecules interacting with water
molecules. In Figure 2B, at elevated EG concentrations, increasing EG molecules are dispersed in the
electrolyte. Notably, since cosolvent EG has an atomic charge distribution, the dispersed EG molecules can
interact with charged ions (SO4

2- and Zn2+). Figure 2C illustrates a snapshot of the local structure of EG
interacting with SO4

2- and Zn2+.

The electrostatic interactions between cosolvents and ions can slow down ion diffusion, and thus lower the
ion conductivity. Specifically, for the ZnSO4 systems, we have σ ∝ ∑kDk (see Section “Diffusion coefficient
and ion conductivity”); i.e., ion conductivity of the electrolyte is proportional to the summation of ion
diffusion coefficients. The calculated diffusion coefficients of Zn2+ and SO4

2- at elevated EG concentrations
are shown in Supplementary Table 2 and plotted in Figure 3A. In Figure 3A, as the EG volume fraction
increases, the diffusion coefficients D(Zn2+) and D(SO4

2-) are found to decrease in general. According to σ ∝
∑kDk, the decrease of D(Zn2+) and D(SO4

2-) suggests a general decrease in the electrolyte conductivity.
Indeed, experimental data in Figure 3B confirm the decrease in the ion conductivity at elevated EG
concentrations, proving the cosolvent-ion interactions.

In Figure 3A, some data points deviate from the general trend, e.g., the diffusion coefficients at 30 vol% EG.
The deviation may be caused by inappropriate force field parameters and insufficient sampling, as there are
strong electrostatic interactions between SO4

2- and Zn2+. In fact, according to our previous study[24],
noticeable discrepancies between the calculated conductivity and experimental conductivity were observed
for the 2M ZnSO4 electrolyte. In this work, inclusion of additional cosolvent-solvent and cosolvent-ion
interactions further increases the difficulty in simulating the 2M ZnSO4 system.

However, even for the difficult 2M ZnSO4 system, the computed trend is in good agreement with the
experimental data, demonstrating the capability of our computational methods. At higher Zn-salt
concentrations, the stronger electrostatic attractions between Zn2+ and SO4

2- slow down ionic diffusion
(Walden’s rule[31]), while reducing the sampling efficiency and the fidelity of the computation. Instead, other
Zn-salt systems containing less negatively charged anions (such as ClO4

-) at lower concentrations are more
likely to be sufficiently sampled with less deviation between model and real experimental systems[24].

(7)

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202502/jmi4079-SupplementaryMaterials.pdf


Page 6 of Yang et al. J. Mater. Inf. 2025, 5, 16 https://dx.doi.org/10.20517/jmi.2024.7912

Figure 1. Individual atomic partial charges of SO4
2-, water, and EG. The partial charges of SO4

2- and EG are calculated from the RESP 
method[20], and the partial charges of H2O are obtained from GROMACS Amber03 force field SPC/E water model parameters. EG: 
Ethylene glycol; RESP: restrained electrostatic potential.

Figure 2. (A) A snapshot of the EG molecules interacting with water molecules; (B) As the EG volume fraction increases from 0% to 
40%, EG molecules are found to be more and more spatially dispersed in the electrolyte; (C) A snapshot of local structures of EG 
molecules interacting with ions (SO4

2- and Zn2+). EG: Ethylene glycol.

Cosolvent-involved hybrid solvation structures
In the previous section, our simulation results are successfully validated by the experimental trend of the ion 
conductivity. In this section, based on the simulation results, we first derive possible solvation structures by 
analyzing the structure of solvation shells[32]. Due to EG-Zn2+ [Figure 2C] and EG-water interactions 
[Figure 2A], it is expected that the Zn-ion solvation shell will be altered. Possible solvation shells under the 
influence of EG can be derived from the g(r) and the N(r). From the g(r) in Figure 4A(i)-D(i), the first 
coordination shell cut-off rcut(Zn-O) is determined as 0.25 nm. From g(r) in Figure 4E(i), the first 
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Figure 3. (A) Diffusion coefficients of Zn2+ and SO4
2- in electrolytes of different EG volume fractions. As the EG volume fraction 

increases, the diffusion coefficients are found to decrease in general; (B) Experimental data of the ion conductivity (σ). As the EG volume 
fraction increases, the ion conductivity decreases. EG: Ethylene glycol.

Figure 4. (A-D) The RDF g(r) and the CN N(r) of Zn-O pairs. O atoms can be from SO4
2-, EG, water, or all the possible O atoms in the 

system. The Zn2+ first coordination shell cut-off rcut(Zn-O) is found to be 0.25 nm; (E) The g(r) and the N(r) of Zn-S pairs. S atoms are 
from SO4

2-. The Zn2+ first coordination shell cut-off rcut(Zn-S) is found to be 0.28 nm. [A(ii)-E(ii)] For the specific type of atoms (all 
possible O atoms, Ow, OEG, OSO4

2-, SSO4
2-) around Zn2+, the first shell (i.e., the solvation shell) N(r) is determined. RDF: Radial distribution 

function; CN: coordination number; EG: ethylene glycol.

coordination shell cut-off rcut(Zn-S) is determined as 0.28 nm. Note that the atoms that Zn2+ can easily 
coordinate with are the negatively charged O atoms. According to Figure 4A(ii), the O atom CN in the Zn2+ 
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solvation shell is determined to be N(r) = 6. Therefore, in Zn-ion solvation structures, there are always six 
coordinated O atoms from either water, SO4

2-, or EG, which depend on the exact composition of the 
electrolyte.

Next, from Figure 4B(ii) to 4E(ii), more details about the solvation shell can be obtained. In Figure 4B(ii), as 
the EG volume fraction increases from 0% to 40%, the N(r) of Ow (O in water) around Zn2+ decreases from 
nearly 5 to nearly 4, indicating other possible solvation structures besides Zn(H2O)6

2+. We also notice that 
the CN of Ow in water with Zn2+ reaches a maximum of 10% EG. While we do not know the exact reason, we 
suspect that the interaction between EG and SO4

2- reduces the coordination of SO4
2- with Zn2+, thus 

increasing the coordination with H2O.

Figure 4C(ii) shows an increased N(r) of OEG (O in EG) from 0 to 1 at elevated EG concentrations. 
Combining the N(r) values of Ow and OEG, we may derive EG-Zn(H2O)5

2+ to be another possible solvation 
structure, as illustrated by the schematic solvation model in Figure 4C(ii). The CNs of SO4

2- in the solvation 
shell are shown in Figure 4D(ii) and E(ii). Notably, the N(r) of OSO4

2- (O in SO4
2-) in Figure 4D(ii) satisfies 1 

< N(r) < 2, the N(r) of Ow in Figure 4B(ii) ranges from 4 to 5, and the total N(r) of O in Figure 4A(ii) is 
always 6. Therefore, we may derive SO4

2--Zn(H2O)5
2+ to be another possible solvation structure, as illustrated 

in Figure 4D(ii). In addition, the N(r) of SSO4
2- (S in SO4

2-) in Figure 4E(ii) ranges between 0 and 1, suggesting 
that the number of SO4

2- anions in the solvation shell is most likely to be 1 or 0. Considering the N(r) values 
in Figure 4A(ii)-E(ii), other solvation models may also exist, e.g., EG-Zn(H2O)4

2+-SO4
2-, as shown in 

Figure 4E(ii). The solvation models Zn(H2O)6
2+ and SO4

2--Zn(H2O)5
2+ have been proposed and discussed in 

our previous works[24] for electrolytes without cosolvents. Notably, when the addition of cosolvent EG 
molecules to electrolytes [Figure 5] leads to the derivation of new hybrid Zn-ion solvation models involving 
EG, such as EG-Zn(H2O)5

2+ and EG-Zn(H2O)4
2+-SO4

2-.

Explaining pH using the new hybrid solvation models
Based on these derived solvation models, we further analyze their deprotonation ability and try to explain 
the experimental pH trend qualitatively. For electrolytes without cosolvent EG, only those solvation models 
without EG are applicable. We compare the deprotonation abilities of solvation models without/with EG in 
Figure 6A. As shown, by coordinating with the cosolvent EG, the solvation models are less prone to proton 
loss, which would lead to a lower H+ concentration, i.e., a higher pH. This qualitative prediction of pH is 
confirmed by experimental data [Figure 6B]; i.e., as the EG volume fraction rises from 0% to 40%, the pH 
generally increases. However, some subtle changes in pH cannot be explained by current solvation models, 
indicating the need for further study. For example, as the EG volume fraction increases from 0% to 10%, the 
pH rises significantly, but from 10% to 40%, the increase is more gradual. Addressing these variations may 
require considering other possible solvation models and the impact of cosolvent concentrations.

Limitations of current work and possible future work
The predicted pH increase by cosolvent EG can explain the formation of a significant amount of LDH on 
the cathode surface [Supplementary Figure 3], as pH exceeds ~5.1, a value that precipitates out LDH. In 
addition, Figure 4B(ii)-D(ii) implies that EG increases the difficulty of desolvating Zn2+, which could lead to 
the accumulation of Zn2+-related chemical species at the cathode-electrolyte interface and result in cathode 
LDH formation. To fully understand the cosolvent effect on cathode LDH formation, however, further 
investigations are needed, as there are other complex interfacial effects (e.g., external electric fields) that are 
beyond the current scope of Zn-ion solvation structures in bulk electrolytes.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202502/jmi4079-SupplementaryMaterials.pdf
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Figure 5. Solvation models derived from Figure 4. After adding EG, there are new hybrid solvation models that involve cosolvent EG. EG: 
Ethylene glycol.

On the other hand, Figure 4D suggests the existence and dominance of contacting ion pair (CIP)[33-35] in 
bulk electrolytes, as the g(r) shows that OSO4

2- atoms are more likely to stay in the first shell to coordinate 
with Zn2+ and the first shell CN N(r) is larger than 1. Since there are strong electrostatic attractions between 
Zn2+ and SO4

2-, it is possible that Zn2+ and SO4
2- “touch” each other. However, whether CIPs are dominant 

requires further studies, as there are discrepancies between experiments and computations[24] possibly 
caused by the inaccurate force field parameters for 2M ZnSO4. There are also sampling problems caused by 
strong Zn2+-SO4

2- electrostatic attraction and high salt concentrations. In the future, we plan to study Zn-salt 
electrolytes with less negatively charged anions (e.g., ClO4

- and CF3SO3
-) at slightly lower salt concentrations 

to get sufficiently sampled and experimentally validated data for investigating CIPs.

CONCLUSIONS
To conclude, using EG as an exemplar cosolvent and 2M ZnSO4 as the base aqueous Zn-ion electrolyte, we 
have studied the electrolyte bulk properties (conductivity and pH) and derived new hybrid solvation models 
that encompass Zn2+, SO4

2-, H2O, and the cosolvent EG. Computational results are validated by experimental 
data of the ion conductivity. Adding cosolvent EG slows down ion diffusion and causes a decrease in ion 
conductivity. From the validated computational results, we have also derived new many-body hybrid 
solvation models, e.g., EG-Zn(H2O)5

2+ and EG-Zn(H2O)4
2+-SO4

2-. Based on these cosolvent-involved Zn-ion 
solvation models, the experimental pH trend at elevated EG concentrations has been successfully explained, 
confirming our new hybrid solvation models. Developing more robust solvation models is needed in future 
work to explain the subtle changes in pH induced by EG cosolvent.

From the computational and experimental results, HER is expected to be effectively suppressed by higher 
EG concentration. However, too high an EG concentration would result in much retarded cathodic kinetics. 
Therefore, there exists an optimal EG concentration (likely < 10 vol%) that balances anodic and cathodic 
kinetics.
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Figure 6. (A) Comparing deprotonation ability of solvation models without/with the cosolvent EG. A more negative MEPH value 
corresponds to a lower deprotonation ability or higher pH. Generally, after coordinating with the cosolvent EG, a slight decrease in the 
MEPH value is observed for solvation models EG-Zn(H2O)5

2+ and EG-Zn(H2O)4
2+-SO4

2-, indicating that deprotonation becomes more 
difficult; (B) Experimental values of pH. As the EG volume fraction increases from 0% to 40%, the pH generally increases. EG: Ethylene 
glycol.

To verify the computational results obtained from this study, more experiments such as Raman 
spectroscopy, Fourier Transformation Infrared spectroscopy, and water activity measurement should be 
performed on the bulk properties of the cosolvent electrolytes. Since there is abundant literature supporting 
EG cosolvent as a suppressor to HER, future research should focus on cathodic kinetics to delineate the 
deactivation mechanisms. On the other hand, to confirm the existence and dominance of CIPs, further 
investigations are also required. Our current work provides new computational insights into the cosolvent 
effect on bulk properties and solvation structures of aqueous Zn-ion electrolytes, laying the foundation for 
more robust solvation models in the future.
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