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ABSTRACT: With the heightening interest in bivalent battery
technology, there arises a necessity for a thorough investigation
into zinc-ion battery (ZIB) electrolytes, accommodating their
chemical attributes and potential-dependent structural dynamics.
While the phenomenon of in situ solid electrolyte interphase
formation is extensively documented in lithium-ion batteries, its
analogous occurrences in ZIBs remain limited. Herein is a
comparative study of three zinc electrolytes of interest: ZnSO4,
ZnOTF, and Zn(TFSI)2/LiTFSI hybrid water-in-salt electrolyte.
Additionally, the impact of an acetonitrile additive is scrutinized,
with a comparative assessment of the interfacial behavior in
aqueous solutions. Utilizing ATR-SEIRAS, potential-dependent
alterations in the composition of the electrolyte/electrode interface
were monitored, while EQCM-D facilitated a comprehensive understanding of variations in the mass and structural properties of the
adsorbed layer. Aqueous ZnSO4 demonstrated the accumulation of porous Zn4SO4(OH)6·xH2O at negative potentials, leading to a
mass of 1.47 μg cm−2 after five cycles. Bisulfate formation was observed at positive potentials. SEIRAS measurements for ZnOTF
demonstrated reorientation and surface adsorption of CF3SO3

− to favor CF3 at the surface for positive potentials, and acetonitrile
showed increased stability for the electrode at negative potentials. The additive was also reported to lead to the accumulation of a
substantial passivation layer with viscoelastic properties. The zinc water-in-salt showed exceptional surface stability at negative
potentials and a widened potential window. A thin rigid zinc SEI layer is reported with a mass of 0.7 μg cm−2. The compositional
intricacies of these surface structures are discussed in relation to their solvent conditions. This investigation not only sheds light on
the initial charge/discharge cycles in ZIBs but also underscores their pivotal role in instigating enduring transformations that can
significantly influence their long-term cycling performance.
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1. INTRODUCTION

The technological advancements of modern society, coupled
with global population growth, have led to an escalating
demand for energy production and storage solutions. Concerns
about global warming and the environmental impacts of
traditional energy sources have significantly heightened interest
in renewable energy conversion, however, the transition to
renewable energy presents several challenges. Current battery
systems provide environmental benefits only after several
hundred cycles due to the substantial energy costs associated
with their manufacturing processes.1 The rapid expansion of
the electric vehicle (EV) and photovoltaic markets has further
exacerbated concerns about the supply of lithium and cobalt,
which are predominantly used in lithium-ion batteries. There is
therefore a growing interest in alternatives that are more
abundant and cost-effective. Among these, multivalent metals,
such as those used in zinc-ion batteries (ZIBs), offer the
advantages of high energy density and improved safety.2

ZIBs have garnered considerable attention due to zinc’s high
capacity density, nontoxicity, and enhanced eco-efficiency
compared to other alternatives.3 Nonetheless, the development
of ZIBs faces significant challenges, including the need for
improved cathode materials capable of efficiently capturing
zinc ions, and the advancement of electrolyte systems that
enhance performance while minimizing parasitic side reactions
and zinc dendrite growth.4 Optimization of the electrode/
electrolyte interface, and the development of novel separator
treatments,5,6 are crucial for overcoming the detrimental effect
of dendrite growth and “dead” zinc at the interface. There is
substantial interest in utilizing solid-electrolyte interphase
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(SEI) to regulate the deposition of zinc in ZIBs. SEI layers,
typically associated with lithium-ion batteries (LIBs), can be
applied artificially by coating the anode with metal−organic
frameworks (MOFs) or formed in situ with the use of
electrolyte additives.7 Surface studies of the electrode/
electrode interface offer invaluable insight into the formation
and benefits of SEI layers for ZIB technology and beyond.
Although this study focuses on aqueous and water-in-salt zinc
electrolytes for traditional ZIBs, the techniques and findings
aim to inform other alternative battery technologies such as
metal-air batteries, other multivalent electrolytes e.g. magne-
sium, aluminum salts, and direct alternatives to lithium such as
sodium-ion batteries.
Three zinc salts were selected for this study: ZnSO4,

Zn(CF3SO3)2 (also known as ZnOTF), and Zn(TFSI)2/
LiTFSI hybrid water-in-salt electrolyte. Aqueous zinc sulfate,
an affordable and commonly used compound in the study of
zinc-based electrochemistry, serves as a baseline for observing
surface deposition and hydrogen evolution. ZnOTF, being
soluble in acetonitrile, allows for comparative experiments in
both water and a 1:1 H2O:ACN solvent mixture. Lastly, the
more expensive and recently explored acetonitrile−water-in-
salt (AWIS) zinc electrolyte has attracted significant interest
due to its widened potential window, enhanced cycling
capabilities, and suppressed dendrite growth. Gaining insights
into the mechanisms underlying these improved electrode/
electrolyte interfaces is crucial for the design of future ZIBs,
and for developing viable long-term solutions for clean, high-
capacity energy storage.
Acetonitrile (ACN) is a promising additive for ZIBs, which

could enhance charge transfer and reduce both hydrogen
evolution and dendrite growth.8 Understanding the mecha-
nism by which acetonitrile enhances performance is essential,
particularly given the discrepancies in the reported solvation
behavior and surface adsorption of acetonitrile molecules.
Another aim of this study is to deepen the understanding of
the mechanisms by which acetonitrile facilitates charge transfer
at the electrode surface while protecting against corrosion and
dendrite growth.

2. THEORETICAL CONSIDERATIONS

ATR-SEIRAS. Surface-enhanced infrared absorption spec-
troscopy (SEIRAS) has demonstrated significant growth and
development since the 1990s, particularly following the
introduction of attenuated total reflectance (ATR) methods
by Osawa, which have enabled detailed studies of thin film
electrode/electrolyte interfaces.9 The enhancement of the
infrared response in SEIRAS arises from both electromagnetic
and chemical effects, primarily due to plasmon resonance with
metal particles on the surface. Additionally, the vibronic
coupling of chemisorbed species at the surface contributes to
this enhancement.10 These surface-bonded ions can exhibit
increased dipole moments and enhanced spectral peaks,
presenting unique opportunities for investigating the solid-
electrolyte interphase (SEI). SEIRAS enhancement diminishes
rapidly with distance from the surface, being effective up to
∼10 nm.11 Given that a typical SEI layer is 10−50 nm thick,
the initial stages of SEI formation should be observable using
SEIRAS techniques. Previous studies on lithium-ion batteries
have predominantly utilized surface-enhanced Raman spec-
troscopy (SERS); however, optimized SEIRAS techniques
offer superior signal-to-noise ratios and sensitivities.12

There are various instrumental methods for ATR-SEIRAS,
each offering distinct advantages. Silicon hemispheres and
ZnSe prisms are commonly used as internal reflection elements
(IREs) for ATR-SEIRAS, though specialized microgrooved
silicon wafers have demonstrated greater transparency at long
mid-IR wavelengths (<1400 cm−1).13 With many electrolyte
systems relying on the analysis of S−O and C−F bonds, this
region is particularly important to our research. By employing a
cooled mercury cadmium telluride (MCT) detector, we can
optimize the sensitivity of our observations in this region.

Stark Effect and Coverage. Potential-dependent spectral
measurements present unique challenges. Applying potential to
the electrode/electrolyte interface can induce a blue shift in
spectral peaks; for instance, the SO4/Au interface can exhibit
shifts exceeding 70 cm−1/V.14 There are two main
contributions to this shift. The first is the vibrational Stark
effect (VSE), which describes how a molecule’s vibrational
energy levels shift due to the applied potential. Molecules in
excited vibrational states have different dipole moments,
leading to the shifting, splitting, and/or broadening of infrared
spectral peaks.15 The second contribution to spectral shifts is
coverage-dependent, arising from the coupling and lateral
repulsion between adsorbed ions on the surface. Dipolar
interactions and their proximity to the surface can cause peak
splitting or redistribution of intensities.16 Both the Stark effect
and coverage dependence contribute to the spectral shift
simultaneously; however, their relative impact depends on the
specific system and whether the surface has reached maximum
coverage. For example, Pfisterer et al. investigated the
adsorption of sulfate on gold surfaces and found that the
Stark effect accounted for approximately 80% of the shift, while
interactions between sulfate ions due to coverage contributed
about 20% of the total shift.17

Acetonitrile Electrolyte Additive. Acetonitrile and other
additives such as N,N-dimethylformamide (DMF) have drawn
attention as additives to aid in reducing hydrogen evolution
and encourage even distribution of zinc deposition in ZIBs.18

In aqueous systems with ACN, adsorption sites are
predominantly occupied by adsorbed acetonitrile, thereby
reducing parasitic reactions. Ilic et al. reported that even in a
mixed solvent with 10% ACN and 90% water, the surface
exhibited a preferential affinity for ACN over water.19 The
competition among the adsorption of ACN, water, and anions
has been previously explored, revealing that ACN dominates
surface adsorption until very high or low potentials are
reached. This dominance slightly hinders anion adsorption, as
evidenced by the associated current, but also decreases
problematic hydrogen adsorption.20 Acetonitrile as an additive
has been shown to shift the onset of hydrogen evolution
reaction (HER) further from the potential of zinc plating.19

Decreased HER disturbance and electrode corrosion are both
benefits of replacing water at the electrode surface. Adsorbed
acetonitrile has also been shown to distribute charge more
evenly at the surface, shielding the electrode from dendrite
growth.21

Faguy et al. proposed a model for acetonitrile/water
electrolyte systems that explains ACN adsorption due to
positive charge in two ways.22 Some ACN molecules orient
perpendicularly to the electrode surface, while others form
hydrogen bonds with chemisorbed water at the interface.
These ACN-H2O hydrogen-bonded species can be identified
by a blue shift of approximately 10 cm−1, often resulting in an
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asymmetric shouldered peak where these two species over-
lap.23

For ACN directly at the surface, a perpendicular orientation
is predominant, with the nitrogen end of the ion facing the
surface at positive potentials and the CH3 end facing the
surface at negative potentials. Although there has been some
suggestion that ACN adopts a CN η2 configuration, with both
carbon and nitrogen atoms bonded parallel to the metal,
spectroscopic studies have shown this to be unlikely for the
ACN/Au interface. This conclusion is based on the reported
intensity ratios of the C ≡ N peaks to the CH3 peaks.

24

Density functional theory (DFT) modeling indicates that the
η2 configuration is more probable for Pt surfaces, showing a
preference for ’bent’ parallel adsorption around the potential of
zero charge (PZC).25 There is consensus that positive
potentials result in perpendicular chemisorption with the
nitrogen end, while models suggest that negative potentials
lead to ’free’ ACN, with the CH3 end oriented perpendicularly
but without chemisorption.26

Rigid Films, Viscoelasticity, And Porosity. Although the
red/blue shift of spectral peaks can provide insights into the
adsorption and coverage at the interface, it does not yield
information about the physical properties of the layer itself. By
using electrochemical quartz crystal microbalance with
dissipation monitoring (EQCM-D), we can observe film
deposition on the electrode surface in relation to the applied
potential and assess changes in the viscoelasticity and porosity
of the developing solid-electrolyte interphase (SEI) layer.
EQCM-D measurements utilize the resonant frequency of an
oscillating piezoelectric quartz crystal sensor. When mass is
deposited, the damping of the oscillation causes a shift in the
resonant frequency, a relationship described by the Sauerbrey
equation (1959):27

=m C f /n
n (1)

where Δm is the change in mass at the surface, Δfn/n is the
change in resonant frequency for overtone n, and C is the mass
sensitivity constant associated with the QCM crystal. This
relationship remains sound for thin rigid films, however when a
soft elastic layer or a rigid porous layer is deposited, energy loss
during oscillation deviates from Sauerbrey behavior, leading to
reduced Δfn/n measurements and calculated mass.

28

Viscoelastic and porous properties can be confirmed by
observing increased changes in dissipation during the
deposition of a surface film. If the ratio between changes in
dissipation and frequency is large, the film is no longer
considered solid rigid. Reviakine et al. set a limit of 0.4 μHz for
a 5 MHz quartz crystal.29 If the ΔDn/(Δfn/n) ratio is
significantly below 0.4 μHz, the film is deemed rigid, allowing
for reliable mass calculation using the Sauerbrey equation.
Another method to identify soft or porous films involves
examining the spread of plotted ΔDn and Δfn/n measurements
across different overtones.30 Generally, the relationship
between three or more overtones and their spread can be
utilized in various modeling and fitting techniques to calculate
a more accurate mass.31

Electrochemical deposition and SEI layers often form porous
structures that allow cations to reach the electrode surface.
Despite being inherently rigid, these films can behave similarly
to viscoelastic systems because porous films dissipate
significant crystal quartz oscillation. This dissipation occurs
due to the increased strain of the film itself and the movement
of liquid within its pores during electrolyte mass transport.32

Accurate quantitative mass measurements of porous systems
would require the implementation of hydrodynamic model-
ing.33 However, for the purposes of this study, the Sauerbrey
equation is used for mass calculation, in conjunction with
dissipation measurements, offering quantitative analysis for
rigid layers and qualitative observations for porous/viscoelastic
layers.

3. EXPERIMENTAL SECTION

Sample and Instrument Preparation. The specialized micro-
grooved SEIRAS wafer was prepared by polishing with 1.0 μm
alumina followed by 0.05 μm alumina, sonication, and rinsing with
ultrapure water (Barnstead, 18.2 MΩ·cm). Cleaned, dry wafers were
coated with 30 nm gold film by thermal evaporation (Denton DV-
502). Electrolyte solutions were prepared to the required molality
(mol/kg) using ultrapure water and acetonitrile (ACN) solvent. Zinc
sulfate, ZnSO4 (Spectrum), zinc trifluoromethanesulfonate, ZnOTF
(AmBeed) were prepared at 1m. A 5m AWIS electrolyte was then
prepared with Zn(TFSI)2 and LiTFSI (1.251g/0.002 mol Zn(TFSI)2,
11.48g/0.04 mol LiTFSI, 2g water, and 6.4 g acetonitrile).34 0.3 mL of
electrolyte was purged with nitrogen before each measurement. A
nitrogen blanket was kept at the surface for the duration of the
measurements.

Figure 1. (a) Instrumental schematic for SEIRAS spectro-electrochemical cell. (b) Signal-to-noise comparison for 1m aqueous ZnOTF electrolyte
with varying angles of incidence for the spectro-electrochemical cell. S/N ratio compared at the SO3 peak at 1030 cm

−1.
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ATR-SEIRAS Measurements. Figure 1a illustrates a schematic
representation of the SEIRAS cell utilized in this study. Measurements
were conducted employing a 30 nm gold film electrode deposited
onto a microgrooved specialized silicon wafer. The experimental setup
employed a spectro-electrochemical cell (Jackfish Cell, PIKE
Technologies) in tandem with a Fourier-transform infrared (FTIR)
spectrometer (Nicolet iS50R, Thermo Fisher). The optimal angle of
incidence for the spectro-electrochemical cell was determined through
a systematic examination of various angles, considering the signal-to-
noise ratio (Figure 1b). Background spectra were taken at each angle
of incidence and 1m aqueous ZnOTF was added for measurement
with 1 V (approximately open circuit potential, OCP) applied. Signal
to noise ratio was compared using the signal peak at 1030 cm−1.
Following this exercise, the ATR-SEIRAS measurements were carried
out at an angle of incidence of 50°. The FTIR spectrometer, equipped
with a nitrogen-cooled MCT detector, acquired 128 scans at a
resolution of 4 cm−1 for each measurement. Spectra were obtained
incrementally across the potential range from OCP in either negative
or positive potential directions and were visually stacked for
comparative analysis.
Chronoamperometry protocols were executed employing a zinc

counter/reference electrode (CRE) in conjunction with a potentiostat
(PGSTAT302N, Metrohm). An identical setup was employed to
acquire cyclic voltammograms to determine an appropriate potential
window for the ATR-SEIRAS experiments.

EQCM-D Measurements. An electrochemical quartz crystal
microbalance system with dissipation monitoring (eQCM-I Mini,
MicroVacuum Ltd.) was employed in conjunction with an electro-
chemical cuvette (QSHE-open, MicroVacuum Ltd.). The working
electrode (WE) consisted of a gold-coated quartz crystal, while a zinc
counter/reference electrode (CRE) was utilized. Electrolytes were
subjected to nitrogen purging and blanket during measurements to
maintain an inert atmosphere. Cyclic voltammetry experiments were
conducted in floating mode using a scan rate of 0.5 mV/s (SP300,
Biologic) spanning the range from OCP to the onset of zinc reduction
(1−0 V). Simultaneously, EQCM measurements of frequency and
dissipation changes were recorded across the fundamental frequency
through overtone 9 (i.e., 5 MHz, 15, 25, and 35 MHz) for the 5 MHz
crystal. Prior to utilization, quartz crystals were cleaned using piranha
solution followed by rinsing with ultrapure water to ensure optimal
performance.

4. RESULTS AND DISCUSSION

Cyclic Voltammetry. Cyclic voltammograms (cycle 1) for
all electrolytes are shown in Figure 2. Experiments for ZnSO4
and both ZnOTF electrolytes were taken between −0.3 V to
2.6 V, however, the potential window was extended to −0.4 V
for Zn AWIS to reach zinc deposition. ZnSO4 responds with
higher zinc deposition/dissolution current due to a smaller
potential window compared to the other salts. The CVs for
ZnOTF in different solvents show ACN to widen the potential
window compared to the purely aqueous solution, and for the
AWIS electrolyte it is widened again, with the onset of zinc
deposition at −0.25 V, an additional 0.1 V beyond that of the
ZnOTF H2O/ACN solution. Similarly, the positive potential
was extended by 0.1 V before oxygen evolution at the gold
electrode. The wider potential window for WIS electrolytes has
been linked to an improved environment of stable O−H
bonds, and less “free water” available for degradation at the
electrode surface.35

Shown in the inset of Figure 2 is the enlarged CV at the
oxidative potentials, indicating Au electrode being oxidized at
ca. 1.9 V vs Zn/Zn2+ reference electrode in all electrolytes. IR
spectrum recorded beyond such potential shows the structure
of the electrolyte on gold oxide surface instead of metallic gold,
and such information facilitate the understanding of electrolyte
on the surface of cathode electrodes in ZIBs, e.g., metal oxide.

ATR-SEIRAS Measurements. Figure 3 illustrates the
potential-dependent SEIRAS spectra for ZnSO4 electrolyte.
See Table 1 for peak assignments for all electrolytes and
associated references. The peak at 967 and 1080 cm−1 can be
attributed to symmetric (νs) and asymmetric (νas) stretching of
the SO4

2− ion, respectively.36,37 The rapid increased intensity
of these peaks at negative potentials from 0.4 V (0.6 V below
OCP, 1.0 V) suggests the accumulation of sulfate at the
electrode surface. The emergence of a shoulder on the νas peak
at 1133 cm−1 is due to a change in symmetry of the SO4

2− ion,
from Td to C3v, often associated with monodentate
adsorption.38,39 The νs peak is unseen before the emergence
of the split νas peak because of the complete symmetry of the
SO4

2− ion (forbidden IR transition). In contrast to these
findings, the net negative charge of the sulfate ion and previous
models in the literature would suggest there is no increased
concentration of SO4

2− within the negative potential range.40,41

It is anticipated that there will be an augmentation in the
presence of water and Zn2+, in the form of zincate
(Zn(OH)4

2−) ions adsorbed at the surface, which can
precipitate as ZnO coinciding with zinc reduction.42 The
presence of increased SO4

2− at the surface is however
explained by the formation of a Zn4SO4(OH)6·xH2O
passivation layer at the electrode surface which is a common
corrosion product in zinc electrolytes.43

Upon the application of positive potential (Figure 3b), a
significant peak at 1235 cm−1 is observed from 1.6 V. This
peak is a minor feature at OCP and negative potentials yet
becomes the most prominent of peaks at positive potentials.
This peak is associated with protonated sulfate ions in the form
of bisulfate and/or hydrate complexes.44 Kunimatsu et al.
report similar findings for platinum electrodes, showing an
increased presence of bisulfate in the oxide region with positive
potential.45 Although there is minimal increase in the scale of
the weak broad νas peak 1080 cm

−1, a substantial blue shift of
28 cm−1/V is observed from 1080 to 1108 cm−1. This indicates
the S−O bonds are experiencing the effects of applied
potential, due to the vibrational Stark effect (VSE). This

Figure 2. Cyclic voltammograms (cycle 1) of Au film electrode
collected in the Jackfish cell containing 1 m aqueous ZnSO4 (red), 1
m aqueous ZnOTF (yellow), 1 m ZnOTF in H2O/ACN (green), and
5 m AWIS (blue) at a scan rate of 50 mV/s. Inset: Extract
demonstrating the onset of oxidation at ca.1.9 V.
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blue shift begins as the adsorbed bisulfate peak emerges at
1235 cm−1. Although the broad nature of the νas peak is not
suggestive of surface adsorption, the dynamic relationship
between these two peaks shows the SO4

2− to adsorb at the
electrode surface and become protonated. The νs peak of
SO4

2− is also weak and broad and can be seen to emerge at
potentials above 1.8 V, although any associated blue shift is
difficult to determine.
SEIRAS spectra collected toward the negative direction

(OCP to 0 V) for aqueous ZnOTF are presented in Figure 4.
Within this IR region, the dumbbell shaped OTF− ion
(CF3SO3

−) can be observed via S−O and C−F vibrational
modes. Symmetric stretching for SO3 and CF3 are observed at
1030 and 1255 cm−1 respectively.46−49 Asymmetric stretching
of SO3 is observed at 1280 cm

−1, and is associated with
tridentate coordination of the SO3 group with Zn

2+.50 The
proximity of the CF3 and SO3 vibrational bands causes
conflicting allocation of these peaks and their associated
symmetry in the literature. Johnston and Shriver presented
strong evidence for differentiation between S−O and C−F
bonds.46 There is minimal variation in the vibrational response

under negative potentials (see Figure 4(c)). However, data
collected below 0 V is not reported due to significant
disturbances at the electrode surface, resulting in unreadable
spectra at these potentials.
The positive potential measurements (Figure 4b) reveal

minimal change in the symmetric stretching SO3 peak (νs SO3
at 1030 cm−1) but increased intensity and complete
convergence of νs and νas CF3 peaks at 1225 and 1255 cm

−1.
Significant intensity increase follows potentials beyond 1.4 V,
with the surge in CF3 vibrations suggesting reorientation of the
anion to favor CF3 at the interface, leaving SO3 available for
coordination.51 Such configuration is demonstrated in the
molecular dynamics simulation, where the oxygen in SO3 is to
coordinate cations, Zn2+ in this case, and CF3 is reoriented
toward the electrode surface.51 While increased symmetric
stretching suggests tridentate adsorption at the gold electrode
surface, increases in asymmetric stretching (see Figure 4(d))
suggests increased interaction with the surrounding electrolyte
system as a concentration gradient forms next to the electrode
surface.39,52 The emerging peak at 975 cm−1 is associated with
OH stretching due to coordination between solvent/cations
and the increasing hydrogen bonding network at the electrode
surface.53,54

Figure 5 displays the potential dependent ATR-SEIRAS
spectra for ZnOTF dissolved in a 1:1 H2O:ACN solution. The
spectra are relatively unaffected by negative potentials down to
0 V, like the aqueous solution. However, unlike aqueous
ZnOTF, the spectra with acetonitrile additive exhibited much
less disturbance at zinc reduction potentials. Additional spectra
taken at −0.1 V and −0.2 V are shown in Figure 5a, where all
OTF peaks are enhanced at these more negative potentials,
coinciding with the onset of zinc reduction. The significant
enhancement of the IR spectrum is possibly due to the
formation of metallic Zn nanostructures and/or increase in the
surface area of the electrode open to the electrolyte.
Acetonitrile additive in aqueous zinc electrolyte systems has
been shown to adsorb to active sites for hydrogen reduction,
breaking the hydrogen bond network of the water solvation
shell.21 Meng et al. report that acetonitrile can reduce dendrite
growth and offer uniform charge distribution through steady
diffusion of Zn2+ in a single direction, shielding from tip
charge.21 This decrease in surface disturbance is in keeping
with the observations in the SEIRA measurements.

Figure 3. Potential dependent ATR-SEIRAS spectra for (a) 1m aqueous ZnSO4 at negative potentials and (b) positive potentials.

Table 1. Peak Assignments for ATR-SEIRAS Spectra for 1m
ZnSO4 (Top), 1m ZnOTF (Middle), 5m AWIS (Bottom)a

Peak assignment Wavenumber (cm−1) Refs

Zn SO4
νs SO4 967 36, 37

νas SO4 1080, 1133 36−39

νas HSO4 1235 44, 45

Zn OTF

OH 975 53, 54

νs SO3 1030 46−50

νas CF3 1175, 1225 46−49

νs CF3 1255 46−49

νas SO3 1280 46−50

Zn AWIS

νas SNS 1055 59, 60

νs SO2 1135 59, 60

νas CF3 1188, 1212 59, 60

νs CF3 1231 59, 60

νas SO2 1322, 1346 59, 60
aWavenumbers recorded at OCP or potential of peak emergence.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c15318
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c15318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


To complement the discussion of adsorption, Figures 5c and
5d illustrate changes in the mid-IR frequency stretching peaks
associated with the acetonitrile additive.43 Previous studies
have reported that ACN has a higher adhesion energy than
water, which facilitates its accumulation at the electrode
surface.8,21 Indeed, the C ≡ N stretching peak at 2255 cm−1 is
clearly identifiable at OCP (∼1 V), accompanied by a weaker
combination peak at 2292 cm−1 associated with CH3
deformation and C−C stretching. On the contrary to the
literature for pure ACN solvents, the intensity of the C ≡ N
peak decreases with the application of negative potential,
indicating the replacement of ACN with water, salt or both.
Reinsberg and Baltruschat previously demonstrated a prefer-
ence for the orientation of ACN with CH3 perpendicular to the
electrode surface, using the application of negative potentials
and pure ACN solvent.24 The decreasing intensity of the C ≡

N peak and the distortion of the CH3 region at higher
frequencies suggest the presence of water creates a more
complex surface environment. In the bulk solution of 1:1
ACN:H2O zinc electrolyte, the zinc solvation shell is still
primarily water, due to water’s higher polarity compared to
acetonitrile.55 The presence of ACN disrupts Zn2+-H2O

interactions and the H2O−H2O hydrogen bonding network,
but water molecules still dominate the solvation environ-
ment.21 When negative potential is applied, cations are
expected to move toward the surface, into the Helmholtz
layer, carrying the water solvation shell with them. We could
speculate that this would result in increased water at the
surface and decreased overall presence of acetonitrile, as
observed in the potential dependent C ≡ N spectral peak.
Despite its decreased presence, ACN significantly impacts

the desolvation process at the interface, which is reflected in
the increased surface stability at the onset of zinc reduction.
The frequency of the C ≡ N peak positioning and lack of Stark
shift in the C ≡ N peak is indicative of uncoordinated ACN
molecules before the onset of zinc reduction at −0.1 V.23,24

Previous studies have shown cation-solvent interactions to
cause IR peak blue-shift, while anion-solvent interactions cause
red-shift.24,56 The lack of potential dependent shift and the
typical frequency of the C ≡ N peak is therefore indicative of
little to no coordination with the electrolyte ions at the surface
from 1 to 0 V. However, the Stark shift observed at −0.1 V and
−0.2 V for C ≡ N stretching peak at 2255 cm−1 (Panel c) as
well as νs and νas CF3 vibrations (Panel a) indicates strong

Figure 4. Potential dependent ATR-SEIRAS spectra for (a) 1m aqueous ZnOTF at negative potentials and (b) positive potentials. Normalized
(intensity of each peak at OCP as reference point) potential dependent scaling of prominent spectral peaks at (c) negative potentials and (d)
positive potentials.
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coordination between electrode and ACN/anions at the
interface following the onset of zinc reduction.
The SEIRAS measurements for positive potentials applied to

ZnOTF with ACN:H2O solvent (Figure 5b) exhibit results like
those of the aqueous electrolyte. The νas and νs CF3 peaks
rapidly increase in intensity with applied potential and become
resolved into a single peak at 1225 cm−1. This suggests
tridentate adsorption of the OTF− via CF3 orientation at the
interface because of the significant increase in symmetric
stretching. The potential dependent intensity of this peak for
both the water and ACN:H2O solvents is compared in Figure
5e. This comparison reveals that the effect of positive potential
on the intensity of the CF3 peak is significantly enhanced by
the acetonitrile additive. The water solvent sees the νas and νs
CF3 peaks intensify relatively equally, however the νas CF3
asymmetric peak at 1225 cm−1 dominates with the ACN
additive, suggesting more interaction with neighboring anions
due to increased concentration at the surface. Above OCP,
water molecules at the surface reorientate to favor their
negative dipole toward the electrode surface,57 promoting the
formation of hydrogen bond networks. Since acetonitrile is
known to disrupt these networks, it follows that the OTF− ions

are more easily able to approach and adsorb to the surface,
showing increased intensity in the associated IR peaks.
A small decrease in the intensity of the C ≡ N peak is

observed for positive potentials similar to negative potentials
(Figure 5d), suggesting a reduced presence of ACN at the
surface, possibly replaced by water and anions. Again, this
conflicts with the literature regarding pure ACN solvent,
although there is less reported data for acetonitrile as an
additive. Sayama et al. report an increased presence of ACN at
the electrode under positive potentials, and propose ACN is
attracted by an interaction with OTF− anions adsorbed at the
surface.58 It is likely that the water in the 1:1 H2O:ACN mixed
solvent is more favorable for water and solvated ions due to the
presence of highly electronegative oxygen at positive potentials.
Acetonitrile water-in-salt (AWIS) electrolytes offer stabiliza-

tion to zinc electrolyte systems. The SEIRA spectra in the
800−1400 cm−1 region, which tracks the potential dependence
of S�O, S−N−S, and C−F bonds, is reported in Figure 6.59,60

When the negative potential is applied (Panel (a) and (c),
Figure 6), there is a small overall change in the system, with
less preference toward the CF3 end of the TFSI

− ions at the
surface. From 1 V down to 0.2 V there is a small increase in

Figure 5. ATR-SEIRAS potential dependent spectra for (a) 1m ZnOTF with 1:1 H2O:ACN solvent at negative potentials, (b) positive potentials,
(c) mid frequency negative potential acetonitrile peak, (d) mid frequency positive potential acetonitrile peak, and (e) comparison between solvents
for positive potential peak ∼1225 cm−1.
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peak intensity for the S−N−S vibrational mode, alongside a
drop in the CF3 stretching, indicating a rotation of the anion in
response to the negative surface. Beyond 0.2 V the anion
moves away from the surface, with all peaks dropping in
intensity. These changes are suggestive of the bulk solution
only and not surface adsorption, due to the small effect of
potential on peak absorbance. Beyond 0 V, the interface
exhibits exceptional stability with large intensity spikes into
zinc reduction (see Figure S1) The lack of disturbance in the
spectra indicates the continued integrity of the anion
adsorption, undisturbed by the hydrogen evolution experi-
enced by other electrolytes.
In the positive direction, all TFSI− peak intensities increased

with potential, demonstrating the increased presence of the
anion at the electrode surface (Figure 6 (b) and (d)). While
the SO2 and CF3 peaks begin at similar intensities at OCP, the
CF3 peaks increased most at positive potentials, with the νas
CF3 peak at 1231 cm

−1 experiencing the largest increase. The
surge in CF3 vibrations beyond 1.4 V suggests the anion favors
CF3 at the interface over SO2 at these potentials. TFSI

− has
been shown to adsorb with the longest axis parallel to the
surface, via one SO2 group, while the other SO2 remains away

from the surface and available for coordination with cations,
however the possibility for orientation via the CF3 at high
potential could be considered.51,61 Hoane et al. report
increased presence of TFSI− at positive potentials for an
aqueous 1m water-in-salt electrolyte but with uniform growth
from all vibrational modes.60 Although the acetonitrile and
differing concentration do not allow a direct comparison, it is
noteworthy that this study performed SEIRAS up to 1.4 V and
not beyond where we observe a surge in CF3 vibrations.
Consistently clear spectra were measured up to 2.8 V, beyond
potentials measured for the other electrolytes, showing an
increased potential window and continued stability at the
surface.

EQCM-D Measurements. EQCM-D measurements for 1
m aqueous ZnSO4 are presented in Figure 7a. During the 5
cycles of CV, more mass is accumulated at the electrode with
each cycle (top and bottom, Figure 7a). This happens in two
potential dependent steps. The initial mass increase is observed
at ∼0.4 V, coinciding with the sharp rise in SO4 peak
intensities seen in the IR spectrum (Panel (a), Figure 3). As
previously reported, the adsorbed layer likely consists of
solvated cations in the form of adsorbed Zn4SO4(OH)6·

Figure 6. ATR-SEIRAS potential dependent spectra for 5m Zn AWIS electrolyte at (a) negative potentials and (b) positive potentials. Normalized
(intensity of each peak at OCP as reference point) potential dependent scaling of prominent spectral peaks at (c) negative potentials and (d)
positive potentials.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c15318
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c15318/suppl_file/am4c15318_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c15318?fig=fig6&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c15318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


xH2O.
62 At ∼ 0 V a second increase in mass is observed at the

onset of zinc reduction, where zinc can adsorb directly to the
electrode surface. As the cycle progresses, mass desorbs from
the surface, but does not fully return to its preadsorption value,
indicating the formation of a Zn interphase layer. The
generation of Zn4SO4(OH)6·xH2O in mildly acidic ZnSO4
electrolyte is reported in the literature, however, due to its
loose and porous nature, it does not act as a useful passivation
layer and ultimately results in continued corrosion of deposited
zinc and battery failure.43

Dissipation measurements enable the determination of the
film’s rigidity. The aqueous ZnSO4 initially shows low
magnitudes of ΔD (e.g., < 3 × 10−6), indicating the small
volume of the deposited film remains rigid until the third cycle
when it starts to show signs of viscoelasticity or porosity (see
red lines, center panel, Figure 7a).29 The stepped increase in
dissipation becomes more prominent with additional cycles,
while the reduction current increases, indicating the evolution
of a porous interphase layer. Schick et al. report similar
observations for the deposition of a porous Mg interphase.63

The spreading of ΔD overtones can be attributed to zinc
deposition permeating the interphase pores, which slows the
dissolution process and increases the depth of the porous
layer.64

While ΔD values do increase with cycling, the values are still
low in magnitude for the full 5 cycles measured (e.g., < 20 ×

10−6), and the ΔDn/(Δfn/n) ratio is small enough (e.g., < 0.3
μHz) that the Saurbrey equation can still be considered valid
for quantifying mass of the deposited film.29 The deposited
mass calculated using the Sauerbrey equation and the
fundamental frequency was 1.47 μg cm−2 after five cycles
(blue line, bottom, Figure 7a). It is noteworthy that there is no
change in the spread between dissipation overtones observed
at 0.4 V, where frequency and mass measurements increase
and decrease through the cycles. An increased spread between
dissipation overtones is only significant after 0 V with each
cycle, where zinc stripping occurs. This observation correlates
with the porous nature of adsorbed Zn4SO4(OH)6·xH2O as
the depth of the adsorbed layer increases. The spreading of
both ΔD and Δf/n after cycle 3 demonstrates that as layers are
deposited with increased depth, they vary in structure, and the
rigid layer deposited with early cycles becomes softer/porous
over time.65

The porosity of the upper layer permits continued zinc
deposition and dissolution without decreasing the associated
reduction current over the five cycles measured. Instead, a
small increase in current is observed in both the EQCM-D
cyclic voltammogram and that taken using the spectroelec-
trochemical cell. This observation is corroborated by the
magnitude of the zinc reduction mass step at 0 V through the
five reported cycles. While the largest adsorption of
Zn4SO4(OH)6·xH2O can be seen in the first cycle, the largest

Figure 7. EQCM-D measurements for (a) 1m aqueous ZnSO4 electrolyte, (b) 1m aqueous ZnOTF, (c) 1m ZnOTF with 1:1 H2O:ACN solvent,
(d) 5m Zn AWIS electrolyte. Time dependent cyclic voltammograms are shown at the top of each panel, in-line with frequency change (black
curves, left axis) and dissipation change (red curves, right axis) for overtones 3, 5, 7, 9. Mass determined by Sauerbrey equation is shown in blue
(bottom of each panel).
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zinc deposition step can be seen in the fifth cycle. Although
these observations are suggestive of an SEI layer that is useful
for the overall efficiency of the electrolyte, limited Coulombic
efficiency and growth of “dead” zinc at the electrode surface
are commonly reported for the long-term cycling of zinc
sulfate.
EQCM-I measurements for 1m aqueous ZnOTF are

presented in Figure 7b. Mass begins to adsorb at 0.75 V and
desorbs at 0.5 V, with adsorption more continuous and steady
compared to ZnSO4. The ZnOTF electrolyte exhibits a minor
drift in frequency over time in repeated EQCM-D experiments,
regardless of the applied potential. This phenomenon was not
observed for the other electrolytes. The calculated Sauerbrey
mass following 5 cycles aligns with this continuous drift,
indicating no significant permanently adsorbed layer due to
applied potential. It should be noted, however, that the ΔDn/
(Δfn/n) ratio (e.g., > 1 μHz after 5 cycles), indicates some
viscoelasticity at the surface. There is minimal spreading
between overtones for Δfn/n showing uniformity in the
interface without structural difference through the surface at
the electrode. The continuous spread between ΔD overtones
suggests increased viscosity of the electrolyte solution within
the short-range of the quartz crystal sensor rather than that of a
deposited film due to applied potential. The only noteworthy
step in ΔD is seen in the first cycle at 0.6 V, suggesting there is
a small structural change in the electrolyte/electrode interface.
No surface changes were observed at 0.6 V in the IR spectra

(Figure 4(c)) leading up to deposition. However, the
decreasing stripping current with each cycle seen in the
EQCM CV (top panel, Figure 7a) suggests inefficiency in the
removal of deposited reduction products. A slowing of charge
transfer, the “liquid-like” response of the EQCM-D, coupled
with the lack of spectral changes, suggests increased viscosity of
the diffuse double layer rather than a solid adsorbed layer.66

For comparison with the aqueous electrolyte, EQCM-D
measurements for 1m ZnOTF in 1:1 H2O:ACN solvent are
shown in Figure 7c. The interface condition is more stable than
the aqueous ZnOTF electrolyte with no drift/change in ΔD or
Δfn/n until the negative potential is applied. Following the first
cycle, a negative current is observed at 0.4 V, coinciding with a
step in mass that partially remains following dissolution. This
potential is substantially above zinc reduction, and due to the
enlarged potential window observed with the ACN additive
(Figure 2), minimal current (and no deposition) is observed at
0 V. The permanent surface changes seen at 0.4 V for
adsorption/desorption can therefore be associated with the
formation of a passivation interphase layer.
Both mass and dissipation measurements are of higher

magnitude than the two purely aqueous electrolytes (×5),
showing a notable deposition of a viscoelastic or porous
interphase layer. The ΔDn/(Δfn/n) ratio increases from the
first dissolution step at 0.4 V (120 min, Figure 7c), and the
viscoelastic properties of the deposited layer continue to climb
with each cycle. The n = 3 overtone, which describes the outer
region of the deposited layer, showed ΔD3/(Δf3/3) reaching
0.6 μHz while additional overtones, responding to regions
closest to the interface reach magnitudes of 1 μHz.
The spreading of both ΔD and Δfn/n overtones describes a

multilayered composition with outer layers becoming more
porous or viscoelastic with each cycle. Substantial mass is
deposited at the surface with each cycle, however, due to the
porous/viscoelastic nature of the structure, the Sauerbrey
equation can not be reliably used for quantification. Future

study with a hydrodynamic (used for porous layers) and
viscoelastic modeling (used for viscoelastic layers) is required
to make an informed conclusion about the composition this
passivation layer and it is impact of long-term stability for
battery applications. A deeper understanding of any viscoelastic
properties is of particular interest, because such layers have the
advantage of reduced cracking and surface defects.67

The tendency for ACN to adsorb at the interface, coupled
with the increased mass and reduced intensity of the C ≡ N
spectral peak, raises questions about the structure of this
observed passivation layer. It has been previously reported that
organic additives can reduce the desolvation energy of Zn2+

and that coordination between adsorbed ACN and cations
impacts spectral peak intensity and position.24,62 The
formation of chained networked structures has been reported
in acetonitrile solvent for lithium battery passivation layers,
where a complex of all solvent molecules forms with increased
viscosity.68 It is possible that Zinc battery electrolytes form a
similar complex, acting as SEI for improved battery perform-
ance. More investigation into the ACN-ZnOTF passivation
layer is required to confirm this hypothesis.
EQCM-I measurements for 5m Zn AWIS are depicted in

Figure 7d. Mass accumulation is observed at 0.6 V in the first
cycle and again approaching zinc reduction (0 V). Although
mass deposited in the first cycle appears fully dissolved at a
positive potential, for subsequent cycles, the mass adsorbed
remains at the surface, increasing with every cycle. It has
previously been reported that highly concentrated zinc water-
in-salt electrolytes can produce thin compact functional SEI
layers, and do not produce porous passivation layers like those
found in aqueous and dilute electrolytes.69 There is a small
increase in dissipation for the first 3 cycles (e.g., ΔD < 10 ×

10−6), and measurements taken at the outer surface of the
deposited layer (overtone n = 3) show decreased dissipation
from cycle 4, reaching zero after cycle 5 (red curves, middle,
Figure 7d). This is indicative of a double layered interphase,
with a rigid outer surface that can be characterized as a physical
SEI.
SEIRAS measurements (Figure 6) show the reorganization

of TFSI− ions in the same region as the accumulation of mass
and increased current (0.6 V) but can not confirm the
formation of new species. Reported in situ formation of SEI in
lithium-ion batteries relies on the decomposition of anions and
organic solvents to form highly permeable complexes at the
electrode/electrolyte interface.70 The higher redox potential of
zinc makes this unlikely in zinc-ion batteries, and therefore an
investigation into in situ zinc SEIs is still ongoing. Qiu et al.
reported the formation of a ZnF2 SEI layer along with
problematic ZnO deposition for a similar Zn(TFSI)2/ACN
eutectic solution using Raman and XPS.70 The associated
spectral peaks are outside of the detection range for SEIRAS
and therefore the presence of an ZnF2 based SEI for this study
cannot be confirmed.

Δfn/n measurements and the spread between overtones are
of low magnitude and can be seen to drift into positive Δfn/n
values for overtones beyond the fundamental (n = 3−9 shown,
middle Figure 7d). These overtones are used to understand the
structural properties through the depth of the deposited
film,30,31 while the fundamental frequency was used to
calculate the mass (blue curve, bottom, Figure 7d). While a
thin rigid film of low mass can be reported (0.7 μg cm−2 after 5
cycles), the relationship response for higher overtones does not
offer a clear understanding of the interphase beyond.
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5. CONCLUSION

Three zinc electrolyte salts were compared using potential
dependent ATR-SEIRAS and EQCM-I measurements to
elucidate the mechanisms of surface interactions and
passivation layer formation. The findings are critical for the
development of ZIBs, which are gaining attention due to zinc’s
high capacity density, nontoxicity, and improved eco-efficiency
compared to other battery systems. SEIRAS measurements for
ZnSO4 exhibited an increased presence of SO4

2− ions at the
interface following applied negative potentials, while the
EQCM-D measurements measured a porous passivation layer
accumulating after the onset of zinc deposition and dissolution.
This structure is attributed to the formation of a
Zn4SO4(OH)6·xH2O complex, which, despite its corrosive
nature in long-term cycling, enhanced current efficiency over
the five measured cycles. Despite the porous properties of the
deposited layer, the ΔDn/(Δf n/n) ratio showed the Sauerbrey
equation to be valid for mass calculation, which is reported as
1.47 μg cm−2 after five cycles. SEIRAS measurements with
positive applied potential showed an increased presence of
HSO4

− vibrations associated with adsorbed protonated sulfate
ions in the form of bisulfate and/or hydrate complexes.
Measurements show a significant blue shift in nearby weak/
broad SO4

2− peaks not adsorbed at the surface due to
vibrational Stark shift.
ZnOTF, tested in both aqueous form and with a 1:1

H2O:ACN solvent, demonstrated rapid intensity increases in
CF3 spectral peaks at positive potentials, suggesting adsorption
of the OTF− anion at the electrode surface, arranged with
fluoride atoms orientated toward the surface. The presence of
acetonitrile additive enhanced adsorption, demonstrating its
ability to disrupt water’s hydrogen bonding networks and
facilitate surface changes. At negative potentials, the acetoni-
trile additive improved electrode stability, preventing hydrogen
evolution and forming a porous or viscoelastic passivation
layer. EQCM-D measurements showed both mass and
dissipation of higher magnitude (×5) than both the aqueous
electrolytes, with a spread of ΔD and Δfn/n overtones. A
multilayered passivation layer is observed with the upper,
newly deposited region more rigid than layers that have
experienced multiple cycles. Due to the porous or viscoelastic
nature of the structure, the Sauerbrey equation can not be
reliably used for the quantification of mass. While no new
species were detected through decomposition, it is hypothe-
sized that a coordination network forms near the surface,
similar to structures reported in lithium-ion batteries,
warranting further investigation to confirm the composition
of the deposited mass.
The Zn AWIS hybrid electrolyte exhibited increased

intensity for all peaks at a positive potential, with CF3
vibrations experiencing a significant surge beyond 1.4 V.
Increased spectral peaks and a notable potential dependent
blue shift is associated with adsorbance at the electrode,
however it is still unclear whether the anion orientates with a
CF3 or SO2 group at the interface. The gold electrode showed
exceptional stability at negative potentials into zinc reduction,
enhancing ZIB performance by preventing hydrogen evolution.
EQCM-D measurements demonstrated mass accumulation
with low magnitude ΔD/(Δfn/n) ratios through all overtones.
A compact rigid SEI layer of 0.7 μg cm−2 was calculated using
the Sauerbrey equation, with dissipation at the outer region of
the layer (n = 3) dropping to zero in the fourth cycle. The

deposited layer is observed to form at 0.6 V in the first cycle
and is tentatively attributed to the formation of a ZnF2 SEI
layer, though confirmation was outside the wavenumber range
of SEIRAS.
This study has demonstrated the formation of porous

passivation layers for all tested electrolytes, with acetonitrile
shown to reduce electrode disturbances and facilitate surface
adsorption of anions. The development of acetonitrile−water-
in-salt electrolytes shows promise in the in situ formation of
SEIs to address the ongoing issue of hydrogen evolution and
dendrite formation in ZIBs. Future work will focus on the
structure of these deposited layers and methods to identify
properties of in situ SEIs to enhance ZIB performance,
providing a path toward more stable and efficient energy
storage solutions. These findings contribute to the broader goal
of developing viable long-term solutions for clean, high-
capacity energy storage, supporting the transition to renewable
energy sources.
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