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ABSTRACT: Multivalent chemistry provides intriguing benefits of developing
beyond lithium ion energy storage technologies and has drawn extensive
research interests. Among the multivalent candidates, metallic zinc anodes offer
an attractive high volumetric capacity at a low cost for designing the secondary
ion batteries. However, the interfacial mass exchange at the Zn electrolyte/anode
boundary is complicated. The least understood solid electrolyte interphase (SEI)
occurs simultaneously with the reversible metal deposition, and its dynamic
progression is unclear and difficult to capture. One major challenge to investigate
such a dynamic interface is the lack of in situ analytical methods that offer direct
mass transport information to reproduce the realistic battery operating
conditions in an air-sensitive, nonaqueous electrolyte environment with a high
iR drop. Work reported here reveals an in-depth analysis of the complex and
dynamic SEI at the Zn electrolyte/electrode interface utilizing a multiharmonic
quartz crystal microbalance with a dissipation method combined with the spectroscopic analysis. Key differences are observed for the
SEI formation in the nonaqueous Zn(TFSI)2 electrolyte in contrast to the aqueous ZnCl2 electrolyte for reversible Zn deposition. A
large disproportional loss of coulombs relative to the gravimetric mass change is prominently observed at the initial electrochemical
cycles in the nonaqueous Zn electrolyte, and results suggest an in situ formation of an ionically permeable SEI layer that is
compositionally featured with a rich content of organic S and N components. Further overtone-dependent dissipation analysis
implies the changes in viscoelasticity at the electrode interface during the early SEI formation in the nonaqueous Zn(TFSI)2
electrolyte.

KEYWORDS: multivalent batteries, solid electrolyte interphase, zinc ion battery, Zn electrolyte, in situ Zn deposition,
EQCM with dissipation

1. INTRODUCTION

Multivalent ion batteries offer an innovative potential low-cost
energy storage strategy with bringing new concepts of a
multistep electron transfer process per redox reaction. If
successful, such batteries would yield leaping breakthroughs
with improved energy density at a lower cost while utilizing
abundant elements in contrast to the state-of-art lithium ion
batteries that currently dominate in the electric vehicle
market.1−4 Among the promising multivalent systems, Zn-ion
batteries have been enthusiastically studied because of its low
cost, high volumetric capacity (5845 mAh/cm3), and
promising stability.5−10 Rechargeable Zn ion batteries with
compatibility of Zn metal anode are particularly promis-
ing;11−13 for instance, the highly reversible MnO2 cathode
system with an aqueous Zn electrolyte has been recently
reported to achieve over 5000 cycles with a capacity retention
of 92%.14−17 Although the greatly reversible Zn deposition in
aqueous Zn system is quite attractive,18 its application is
limited by hydrogen evolution which results in a lower cutoff
voltage for cell operation.19−21 Therefore, considerable
research efforts have been diverged to exploring the non-

aqueous electrolyte candidates for reversible Zn plating22−26

and to realize possible solid-state Zn ion conduction
compounds.27,28 Despite the promising features of the
multivalent Zn system, one prominent challenge arises from
the complexity of the nonaqueous Zn electrolyte is its least
understood electrode/electrolyte interface, which directly leads
to the mysterious instability issues of the Zn cells. It has been
reported that the Zn ion battery functioning with a
nonaqueous Zn(TFSI)2 electrolyte requisites an electro-
chemical preconditioning process to stabilize the battery
interfaces to maintain a stable capacity.29,30 In addition, the
battery suffers from a concurrent decline of the open circuit
voltage upon cycling attributed from the self-discharge of the
Zn anode, possibly ascribed from unwanted Zn dissolution.31
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More recently, Nazar’s team reported a high-capacity Zn
cathode composed of layered V3O7·H2O that showed
remarkable Zn2+ storage in an aqueous Zn electrolyte with a
Zn metal anode. Such a cell owns the capability of delivering a
high specific capacity of over 300 mAh/g at high current rates.
However, the same V3O7·H2O cathode displayed a poor
performance in the nonaqueous Zn electrolyte, with only one-
third Zn ion intercalation in contrast to a two Zn ion
intercalation in the aqueous electrolyte. In addition, a lowered
current rate and a large activation energy are associated with
the nonaqueous Zn electrolyte.32 One major cause of the poor
electrochemical performance is due to the complicated
desolvation penalty associated with the Zn cation at its
interface.32 Other reported studies related to Zn full cells with
the nonaqueous Zn electrolytes exhibited similar diminishing
of the battery’s capacity.33 Despite the recent advances in the
development of the next generation Zn ion batteries, a
comprehensive understanding of the interfacial mass transport
at the solid Zn and the liquid electrolyte junction is lacking in
the literature.
Essential battery chemistry happens at the interface, where

the exchange of electrons via redox reactions at the electrode
surface dictates cell characteristics such as the operation
voltage and capacity of the battery. These processes are
complex and difficult to investigate with merely current based
measurements, such as cyclic voltammetry. Furthermore, redox
reactions can be hindered by the formation of complicated
surface known as solid electrolyte interphase (SEI).34−41

Formation and stability of the dynamic SEI are critical for
preventing the continuous consumption of electrolyte and
rapid capacity fade.42,43 Characterization of the in situ SEI
formation is essential to shed light on the mechanism of
reversible Zn deposition and to evaluate the electrolyte role to
the SEI formation.44 Such understanding is hindered by the
lack of adequate analytical methods with capabilities to
perform the in situ mass transport characterization at the
interface. Research work reported here is geared toward
understanding the fundamental mass transport for the complex
interfacial evolution in the multivalent Zn systems. The larger
picture of this work is to draw a close parallel comparison
between the mass transfer versus the charge transfer reactions
occurring at the electrolyte-dependent Zn metal anode
interface to understand the SEI evolution. The goal is to
provide qualitative and quantitative analysis to understand
possible SEI formation mechanisms and evaluate the long-term
stability and cyclability of the multivalent Zn system. Herein,
real-time characterizations for reversible deposition at Zn metal
anode interface are investigated in the aqueous ZnCl2 (zinc
chloride) and nonaqueous Zn(TFSI)2 (zinc bis(trifluoro-
methanesulfonyl)imide) electrolytes as case studies, with the
in situ multifold electrochemical quartz crystal microbalance
with dissipation (EQCM-D) analysis combined with the FTIR
spectroscopic analysis. Key notable differences are observed
between the aqueous versus the nonaqueous Zn electrolyte for
reversible Zn deposition, where the aqueous ZnCl2 electrolyte
exhibits reversible electrochemical and mass transport property
evident from the overlaps in cyclic voltammetry and a
reproducible mass change upon reversible Zn electrodeposi-
tion. By contrast, the nonaqueous Zn(TFSI)2 system shows
complex interfacial reactions at initial electrochemical cycles
where a disproportional consumption of coulombs is noted
with no significant change of the gravimetric mass. Findings
from the spectroscopic analysis indicate SEI upon electro-

chemical cycling for the Zn(TFSI)2 electrolyte results in the
formation of an ionically permeable layer. In addition, an
overtone-dependent frequency and dissipation response at the
initial electrochemical cycles in the nonaqueous electrolyte
further signifies an inhomogeneous SEI formation at the
interface. Results suggest a completely different SEI formation
mechanism for an aqueous ZnCl2 versus a nonaqueous
Zn(TFSI)2 electrolyte, and the qualitative and quantitative
findings about SEI in this work offer useful guidelines for
energy storage communities for designing stable interfaces.

2. EXPERIMENTAL SECTION
Materials and Electrolyte Preparation. Zinc(II) bis(trifluoro-

methanesulfonyl)imide (99.5%, Solvionic) was dried overnight (at
130 °C, <100 mTorr) in a vacuum oven located in an argon-filled
glovebox with H2O and O2 under 0.1 ppm. Acetonitrile (99.9%,
anhydrous, Acros Organics) solvent was pretreated overnight with
dried molecular sieve (Aldrich, 3 Å beads, 4−8 mesh) for 24 h before
use. The salt was then added to the anhydrous acetonitrile and mixed
until completely dissolved to prepare a 0.2 M Zn(TFSI)2 electrolyte.
All nonaqueous electrolyte preparations were performed under an
inert atmosphere in the argon-filled glovebox. High purity zinc
chloride (99.999%, Sigma-Aldrich) and deionized water (Millipore-Q,
18.2 MΩ·cm) were used to prepare a 0.2 M aqueous ZnCl2
electrolyte.

Electrochemical Measurements. Electrochemical quartz crystal
microbalance measurements were performed with the quartz crystal
microbalance instrument (Q-Sense from Biolin scientific) located in
the argon-filled glovebox (Vacuum Technology Inc.) with H2O and
O2 under 0.1 ppm. The measurements were conducted by using an in-
home designed electrochemical in situ cell coupled with the quartz
crystal microbalance with dissipation (EQCM-D) chamber. The
resonators were 5.0 MHz AT-cut quartz crystals precoated with gold
(14.0 mm in diameter, Biolin). Zinc metal (99.9%, Goodfellow) was
mechanically polished and served as both reference and counter
electrodes in the electrochemical flow cell. The EQCM-D resonator
was used as the working electrode to realize the frequency and the
electrochemical measurements simultaneously. Before introduction of
the electrolyte into the chamber, the sensor was stabilized, and the
baseline frequency and dissipation curves were collected. The
frequency measurements were obtained with odd overtones at n =
3, 5, 7, and 9. Electrochemical impedance spectroscopy (EIS) was
applied in the frequency range of 0.05 Hz−1 MHz for the aqueous
ZnCl2 electrolyte and 0.1 Hz−1 MHz for the nonaqueous Zn(TFSI)2
electrolyte. For the 0.2 M ZnCl2 electrolyte the analysis was
performed for 23 electrochemical cycles with EIS measured at the
3rd, 13th, and 23rd electrochemical cycles. For the 0.2 M Zn(TFSI)2
electrolyte the analysis was performed for 12 cycles with EIS
monitoring at the 3rd, 6th, 9th, and 12th electrochemical cycles. The
data acquisition for EQCM-D measurements was performed by using
QSoft software. Data acquisition from the electrochemical measure-
ments was performed by using VersaStudio.

FTIR Analysis. Surface characterization of the cycled electrodes
was performed by using a Nicolet iS50 Fourier transform infrared
absorption spectrometer (FTIR) equipped with an attenuated total
reflectance (ATR) detector. FTIR spectral data were collected by
performing 64 scans with spectral resolution of 8 cm−1 in the range
between 4000 and 400 cm−1. The resonator electrode serving as the
working electrode was cycled in the electrolyte solution referenced
with Zn metal and then separated from the cell for FTIR
characterization. The cycled electrode was mounted directly on the
ATR stage and tightly clamped. For the 0.2 M aqueous ZnCl2
electrolyte, the spectral data were collected and compared on the
resonator electrode after one electrochemical cycle versus after 20
consecutive electrochemical cycles, where the potential window is
scanned from 0.8 to −0.5 V at a scan rate of 0.05 V/s. For the 0.2 M
Zn(TFSI)2 in ACN electrolyte, spectral data were collected and
compared on the resonator electrode for one electrochemical cycle
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versus for 11 consecutive electrochemical cycles, with the potential
scanned from 2.5 to −1.0 V at a scan rate of 0.05 V/s. Data collection
and spectral calculations were performed by using OMNIC software.

3. RESULTS AND DISCUSSION

The multiharmonic EQCM-D technique presented in this
work holds two unique features that are different from a
conventional EQCM operated with the fundamental reso-
nance. First, the multiharmonics mode with the overtone
measurements (n = 1, 3, 5, 7, and 9) offers a complex
frequency response that correlates various penetration depths
with the homogeneity of the interface through probing the
transverse wave of a resonator. Second, quantification of the
dissipation factor provides information that directly links
hydrodynamic properties with viscoelastic changes at the
interface.45−49 Therefore, the multiharmonic EQCM-D opens
a new path of capturing the dynamic mass transport properties
at the nonstationary solid electrolyte interphase.
Mass transport of continuous electrochemical deposition of

Zn from a 0.2 M aqueous ZnCl2 electrolyte is compared in
parallel with a nonaqueous 0.2 M Zn(TFSI)2 electrolyte in
acetonitrile. It is worth noting that ZnCl2 is selected as the
representative aqueous electrolyte candidate because of its
acceptable solubility in water, facile kinetics, and future
potentials to be applied to the next-generation rechargeable
Zn ion battery systems.6,50,51 Upon electrochemical cycling,
rigid Zn mass gain and loss are quantified by the frequency
change of the quartz resonator. The change in frequency is
proportional to the mass loss or gain attributed to the charge
transfer reactions at the interface. Without taking into
consideration the surface adsorption effect, the rigid mass
load Δmf is ascribed to the inertial mass rigidly attached at the
resonator and is proportional to the frequency change, Δfmass,
as described by the Sauerbrey equation:

ρ μ
Δ = − Δ = − Δm

f
f n C f n

2
( / ) ( / )f

q q

0
2

(1)

where f 0 is the fundamental frequency of the quartz crystal, ρq
is the specific density of the resonator (2.648 g/cm3),52 μq is
the shear modulus of quartz (2.947 × 1011 g/(cm·s2)),52 C is
the sensitivity constant 17.7 ng/(cm2·Hz),53 and n is the
overtone order. On the other hand, the faradaic contribution to
the mass change defined as Δmq can be determined by
integrating the faradaic current, as presented in eq 2

∫
Δ =

F
m

M i td

2

t

q
Zn 0

(2)

where MZn, i, t, and F represent molecular mass of Zn, faradaic
current, time, and faradaic constant, respectively. The simplest
aqueous ZnCl2 electrolyte is investigated as a proof of concept
with in situ EQCM-D to probe the fundamental mass transport
evolution upon continuous electrochemical cycling for
reversible Zn deposition. A home-built in situ electrochemical
cell is constructed to represent the confined and inert
environment for the rechargeable ion battery. The Au-coated
quartz resonator is used as a working electrode with Zn metal
as reference and counter electrodes. The initial inflow of the
electrolyte solution and the adsorption effect on the electrode
surface are excluded with the assumption of the water solvent
being a Newtonian liquid with sufficiently low viscosity. The
changes of the frequency and dissipation at overtones are
collected simultaneously in the same time domain with the
electrochemical cycles. Cyclic voltammetry is conducted at the
potential window from −0.5 to 0.8 V at a scan rate of 0.05 V/s.
Zn electrodeposition is initiated at −0.06 V while Zn
dissolution starts at 0.02 V, giving a 0.08 V overpotential.
Representative CV cycles are presented in Figure 1a. The
corresponding characteristic mass exchange at the interface
with differences in gravimetric mass (Δmf) measured from the
frequency change of the resonator as determined by eq 1 and
the faradaic mass (Δmq) determined by eq 2 at continuous CV
cycles are reported in Figure 1b,c. Representative Δmf is shown
for the electrochemical cycles 1, 3, 5, 10, and 23 (Figure 1b).
The gravimetric mass change per electrochemical cycle across a
series of continuous 23 CV cycles gives a discrepancy of <1.7%
on average, with an average coulombic efficiency of ∼99.9%,
indicating a near-complete and reversible Zn deposition and
dissolution for the aqueous ZnCl2 electrolyte (CE versus cycle
numbers is shown in Figure S1a).
In contrast, a 0.2 M Zn(TFSI)2 electrolyte in acetonitrile is

used as a case study for the nonaqueous electrolyte to
investigate the interfacial mass transport at continuous
electrochemical cycles. It is worth mentioning that it is of
great interest to the energy storage community to explore such
a TFSI anion based nonaqueous Zn electrolyte due to its
promising opportunities in rechargeable energy storage
applications.54−58 Interestingly, no obvious reversible Zn
deposition is observed during the initial three CV scans for
the Zn(TFSI)2 electrolyte. Apparent reversible Zn deposition

Figure 1. (a) Cyclic voltammograms of reversible Zn deposition in a 0.2 M ZnCl2 aqueous electrolyte. A three-electrode cell is used with Au-coated
resonator as working electrode and Zn metal as reference and counter electrodes with representative CVs at the 1st, 3rd, 5th, 10th, and 23rd
electrochemical cycles. The scan rate is 0.05 V/s. (b) EQCM-D frequency determined gravimetric mass Δmf (red) at the resonator (n = 3). (c)
Faradaic mass change Δmq (black) at the corresponding CV cycles.
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is not seen until the continuous electrochemical cycling at the
fourth CV scan, as presented in Figure 2 where simultaneous
frequency change of the resonator corresponding to each CV
scan is shown. Reversible Zn deposition reported for further
electrochemical cycles from the 4th to the 12th cycle gives an
average coulombic efficiency of ∼99.9% (CE from cycle to
cycle is shown in Figure S1b). The initial three electrochemical
cycles are the essence of the SEI formation process where the
SEI layer is well adhered to the electrode, and this layer
prevents further electrolyte decomposition and maintains the
further cycling performance to ensure the continued CV cycles
with a up to 3.8 V oxidation limit for the Zn(TFSI)2/ACN
electrolyte. This is consistent with Han’s report where the
electrolyte oxidation of Zn(TFSI)2/ACN is reported to be
∼3.8 V.22 This conclusion is also further evidenced in the
literature for Zn anodes where the charge transfer resistance
was significantly decreased after the initial electrochemical
cycle, signifying the presence of the SEI at the initial
electrochemical cycles.23 Detailed electrochemistry, frequency,
and dissipation analyses are presented in the following
sections.
The essence of the coulomb loss is investigated with the goal

to understand the dynamic evolution of SEI and possible layer
formation mechanism at the interface. The mass deviation ratio
(ΔM%), defined as the ratio of the mass difference taken from
the gravimetric mass Δmf (eq 1) and the faradaic mass Δmq

(eq 2) to the theoretical mass loss or gain, is illustrated in eq 3.
In theory, a rigid mass deposition that is a completely faradaic
process shall give a mass deviation ratio of zero, indicating that
the mass sensed from the frequency change is in 100%
agreement with the mass transport from the Zn/Zn2+ redox
chemistry, and this reference point is presented in the dashed
line in Figure 3.

Δ =
Δ − Δ

Δ
×M

m m

m
% 100%f q

q (3)

A cycle-to-cycle comparison of ΔM% calculated from the
aqueous ZnCl2 electrolyte (Figure 3a) versus the nonaqueous

Figure 2. (a−d) Cycling voltammograms of reversible Zn deposition for a 0.2 M Zn(TFSI)2 in acetonitrile. A three-electrode cell is used with Au-
coated resonator as the working electrode, and Zn metal is used as the reference and counter electrodes. The scan rate is 0.05 V/s. Each panel
represents three consecutive CV cycles (from the 1st CV to the 12th CV cycle). The voltage window is scanned from 2.8 to −0.2 V for CV1−3, 3.2
to −0.5 V for CV4−6, 3.5 to −0.7 V for CV7−9, and 3.6 to −1.0 V for CV10−12. (e) Corresponding frequency changes measured from the
EQCM-D at the resonator (n = 3) for the 12 consecutive CV cycles (the two enlarged windows represent the frequency changes for CV1−3 and
CV4−6).

Figure 3. Mass deviation ratio (ΔM%) versus cycle number
representing the mass difference between the Sauerbrey mass and
faradaic mass for (a) a 0.2 M aqueous ZnCl2 electrolyte and (b) a 0.2
M nonaqueous Zn(TFSI)2 electrolyte in acetonitrile. The gray dashed
line represents the reference line where the mass deviation ratio is
zero.
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Zn(TFSI)2 electrolyte (Figure 3b) presents substantial differ-
ence at initial electrochemical cycles. For the aqueous ZnCl2
electrolyte, the average mass discrepancy ΔM% is found to be
∼1.7% for cycle 1 to cycle 3 with the average ΔM% increasing
to ∼13.7% for the continued cycles (cycle 4 to 13). ΔM%
decreases and stabilizes to ∼9.4% for further cycles (cycle 14 to
23). For the aqueous ZnCl2, ΔM% is ascribed to the
hydrodynamic correction assigned to the trapped mobile
liquid with the electrode particles as well as the surface
roughness of the electrode which consequently contributes to
the frequency change.45 A similar observation is discussed and
explained explicitly in Aurbach’s paper utilizing a standard
electrochemical Cu deposition model where the intrinsically
porous electrode surface is the major contributor to the
discrepancy in frequency and dissipation between cycles.59 To
our surprise, the above finding is rather different for the
nonaqueous Zn(TFSI)2 system where a large ΔM% is
presented at the early electrochemical cycles with a significant
mass discrepancy of Δmf to Δmq observed. The average ΔM%
is 107% at the initial three electrochemical cycles, indicating a
large loss of coulombs without contributing to the Zn mass
gain. A less prominent but noteworthy ΔM% of 27% is
observed at cycle 4, which is significantly higher than the
aqueous Zn system. For further electrochemical cycles from
cycle 5 to cycle 12, a stabilized mass discrepancy of about 3.6%
on average is observed, which is comparable to the aqueous
ZnCl2 system. The significant loss of coulombs for the
nonaqueous Zn(TFSI)2 system, especially at its initial
electrochemical cycles, suggests the presence of complicated
interfacial reactions in parallel with the electrolyte redox
reactions. Two factors mainly contribute to such large mass
discrepancy (ΔM%): (1) possible formation of soluble solid
electrolyte interphase and reaction intermediates, accompanied
by the solvent/electrolyte redox reactions that consume charge
that contributes to current, and (2) complicated interfacial
reactions that are conspicuously occurring during the initial
cycling without an immediate nucleation and growth of Zn
metal upon electrochemical cycling.33,60 Consequently, the
initial mass change for the Zn(TFSI)2 system does not entirely
follow the rigid model, and the Sauerbrey correlation is not
precise enough to quantify the mass change for the film
formation. As a result, the change of the viscoelastic nature at
the interface convolutes the rigid mass determined from the
Sauerbrey equation.
To better explore the loss of coulombs and the SEI nature at

the initial CV cycles for the Zn(TFSI)2 electrolyte,
simultaneous cyclic voltammetry is presented in parallel with
the chronoamperometry data and the frequency shift of the
resonator at the same time domain in Figure 4. Cyclic
voltammetry at the first cycle suggests prominent cathodic
current peaks at 1.4 V (Figure 4c). The anodic current peak is
seen at 1.3 V at the first CV cycle, and it shifts to 0.96 V at the
second cycle and 0.88 V at the third cycle (first CV scan is
shown in Figure 4c; second and third CV scans are in Figure
S6). This redox feature could possibly be ascribed to the
electro-hydrodimerization process of acetonitrile, resulting in
the formation of the enamine products.61,62 For the continued
second and third CV cycles, the electrolyzed solution loses its
anodic feature at ∼2.1 V, an indication of the ligand oxidation
reaction for the formation of the intermediate products.63,64

Subsequently, the solvent redox reactions at the initial three
CV scans result in a positive frequency shift and directly lead
to a negative Sauerbrey mass. Such a mass difference is an

indication of the punctual load mass contribution at the
interface ascribed from a radical-surface reactivity of an
adhered film formation, which consequently leads to a typical
softening process at the interface.47,65,66 A continuous increase
of the frequency baseline observed at the initial three CV
cycles offers further evidence for the possibility of such film
formation, which is attributed to the radical reactions and the
consumption of the coulombs. The difference between the
baseline frequency from cycle to cycle reaches a constant level
beyond the fifth electrochemical cycle. Results from the
frequency shift suggest such initial film formation is a dynamic
process with an increase of the film thickness upon the initial
electrochemical cycling.
Fourier transform infrared spectroscopy (FTIR) character-

ization offers insights into the chemical features of the SEI and
was performed at the interface for the representative aqueous
ZnCl2 and nonaqueous Zn(TFSI)2 electrolytes. For the in situ
SEI formation in the Zn(TFSI)2 electrolyte, the mass deviation
ratio (ΔM%) ascribed from the loss of coulombs, which
occurred at the early electrochemical cycles, is recognized as
the major contributor to the SEI formation. FTIR spectro-
scopic analysis showed that the electrode interface after 11
electrochemical cycles in the Zn(TFSI)2 electrolyte is enriched
with organic functional groups in comparison with the
interface after one electrochemical cycle as presented in Figure
5a,b. Findings suggest an in situ formation of an ionically
permeable SEI layer that compositionally featured with a rich
content of organic S and N components as evidenced by the
intensified peaks of S−O (1566, 1441, 1350−1138, and 700−
500 cm−1), S−N (1350−1138, 797, and 745 cm−1), C−F
(1350−1138 and 700−500 cm−1), and C−S−N (700−500

Figure 4. EQCM-D of the initial three electrochemical cycles for a 0.2
M nonaqueous Zn(TFSI)2 in acetonitrile electrolyte. (a) Frequency
change versus time at the resonator electrode at the 3rd overtone.; (b)
Current versus time profile. (c) The first CV cycle for the nonaqueous
Zn(TFSI)2 electrodeposition performed in the three-electrode cell
with Au EQCM-D resonator serving as a working electrode and Zn
metal as both reference and counter electrodes. The voltage window
is scanned from 2.8 to −0.2 V against Zn metal reference electrode at
a scan rate of 0.05 V/s.
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cm−1) upon electrochemical cycling, and such layer composi-
tion has been reported to be permeable for ion transfer.57 In
addition, the spectrum is highly sensitive to the presence of
H2O, and continuous electrochemical cycling gives rise to
strong absorption peaks at around 3400 and 1600 cm−1. The
spectroscopic analysis is supported by the EQCM-D results
where a continuous increase of the frequency change along the
initial electrochemical cycles proved SEI growth. This SEI
coating stabilizes and sustains the continuous electrochemistry
cycling for the nonaqueous Zn(TFSI)2/ACN, which leads to a
stabilized CE.
For the in situ SEI formation in the ZnCl2 electrolyte, the

3320 cm−1 peak corresponds to the O−H stretching due to the
presence of water molecules bound to the surface of anode and
the 1640 cm−1 peak represents an overtone of the H2O
molecule. A prominent increase of the absorption <700 cm−1,
known as the fingerprint region of ZnO, is observed at the
anode interface upon 20 electrochemical cycles as compared
with the electrode surface upon one electrochemical cycle; for
instance, the sharp absorption band located at 429 cm−1 is
indicative of the Zn···O vibrational band from ZnO2 or
ZnO.67−69 The proposed mechanism of SEI formation in

aqueous Zn electrolyte is that trace Zn oxidation occurs along
Zn plating, which results in the formation of soluble
Zn(OH)4

2−, which further decomposes into ZnO and H2O.
While the Zn stripping process is accompanied by the
simultaneous parasitic reaction of hydrogen evolution,70 the
formation of the trace amount of porous Zn oxides stays at the
interface at further electrochemical cycles, which is also verified
by the in situ EQCM-D measurement where a mass layer is
evidenced by a gradual negative drift of a baseline frequency
(Figure S2).
Further analysis of the overtone-dependent dissipation

change (ΔW/n) relative to the frequency difference (Δf/n)
is performed at three representative electrochemical cycles, the
1st, 4th, and 7th CV scans for both the aqueous ZnCl2 and
nonaqueous Zn(TFSI)2 electrolytes, shown in Figure 6.
Dissipation stays as a constant at different overtones for the
nonaqueous Zn(TFSI)2 electrolyte at its first electrochemical
cycle, suggesting that the viscous dissipation at the electrode
surface is essentially comparable across overtones. Because of
the balance between the population changes of the ion
adsorption and the solvent dimerization, the change of mass
reflected in the change of frequency is observed without having

Figure 5. FTIR spectra of electrochemically cycled EQCM-D resonator: (a) in a 0.2 M Zn(TFSI)2/ACN electrolyte after 1 CV (blue) cycle and
after 11 CVs (red) cycles with wavenumbers from 4000 to 400 cm−1; (b) enlarged FTIR spectra of (a) with wavenumbers from 1750 to 400 cm−1;
(c) in a 0.2 M ZnCl2/H2O electrolyte after 1 CV (green) cycle and after 20 CVs (orange) cycles with wavenumbers from 4000 to 400 cm−1.

Figure 6. Frequency and dissipation changes at different overtones, n (= 3, 5, 7, and 9), as a function of time during the 1st, 4th, and 7th CV cycles
for (a−c) a 0.2 M nonaqueous Zn(TFSI)2 electrolyte and (d−f) a 0.2 M aqueous ZnCl2 electrolyte. The direction of the arrow indicates the
increase of the overtone order from n = 3 to 9.
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the redox chemistry of the Zn/Zn2+. These results are in
agreement with the findings from the electrochemical data
which indicate that possible homogeneous radical reactions are
instigated in a quasi-uniform manner. The characteristic
pattern of the overtone (n)-dependent Δf/n and ΔW/n is
observed for the nonaqueous Zn(TFSI)2 electrolyte at early
electrochemical cycles (Figure 6a,b) and is reflected by a
moderate increase of Δf/n and a decrease of ΔW/n with n
dependence. This phenomenon implies inhomogeneity of the
SEI formation in the Zn(TFSI)2 electrolyte and suggests
changes in viscoelasticity at the electrode interface upon
plating and stripping of Zn at initial electrochemical cycles. A
less noteworthy overtone dependence of the frequency at the
seventh CV (Figure 6c) and the later electrochemical cycles
(cycles 8−12) (Figure S3) must be due to the retarded
impregnation of the electrode interface with reversible and
reproducible Zn deposition. Aqueous ZnCl2, on the other
hand, at its first CV cycle, shows a prominent shift of the
frequency profile aligned with the gravimetric change for Zn
plating and stripping (Figure 6d). The dissipation (ΔW/n)
increases by the end of the plating cycle and decreases by the
end of the stripping cycle, which suggests a dimensional
change at the electrode/electrolyte interface. The overtone-
dependent dissipation implies cooperative desolvation and
solvation of Zn for the stripping and plating process,
respectively. In contrast, at the fourth CV cycle, the frequency
profile for the aqueous ZnCl2 electrolyte (Figure 6e) resembles
a sinusoidal function in comparison with the square wave
profile of the nonaqueous Zn(TFSI)2 electrolyte (Figure 6b).
Such a profile difference mainly suggests that a higher
overpotential is required to initiate the Zn stripping process
for the nonaqueous Zn(TFSI)2 system as compared with
ZnCl2, indicating that the nonaqueous Zn stripping process is a
relatively slow kinetic process versus the aqueous Zn stripping.
This conclusion is further supported by evaluating the plating
overpotential (ηα) and the stripping overpotential (ηβ)
(defined in Figure S4) for the Zn(TFSI)2 and ZnCl2
electrolytes in Figure 7. The enlarged overpotential in

Zn(TFSI)2 electrolyte upon cycling directly results in an
increase of faradaic current and consequently leads to an
increase of the frequency difference, suggesting growth of the
mass gain (Figures 7 and 2e). Results suggest an increased
thermodynamic driving force to initiate the Zn stripping
process for the nonaqueous Zn(TFSI)2 system, and the
accompanied increase of the current density indicates a higher
electromotive force is needed to remove the plated Zn or a
higher desolvation energy is required for Zn stripping.

4. CONCLUSION
In conclusion, the in situ SEI formation and the fundamental
mass transport properties in the aqueous ZnCl2 electrolyte and
the nonaqueous Zn(TFSI)2 electrolyte for reversible Zn
deposition are investigated by simultaneous gravimetric
measurement, FTIR analysis, and in situ hydrodynamic
spectroscopic characterization. Several notable differences are
examined. The apparent Zn deposition does not occur in
Zn(TFSI)2 during its initial electrochemical cycles, and a large
consumption of charge is observed, causing a conspicuous
discrepancy between gravimetric mass change versus faradaic
mass change. Such a discrepancy becomes less prominent at
further electrochemical cycles for Zn(TFSI)2. In addition, an
overtone-dependent frequency and dissipation of Zn(TFSI)2 at
its initial electrochemical cycles signify nonuniform changes in
viscoelastic properties at the electrode interface. In contrast,
the aqueous ZnCl2 electrolyte does not show a “conditioning
process” at its initial electrochemical cycles; therefore, no
significant loss of charge occurs, resulting in a small overall
discrepancy between gravimetric mass and faradaic mass for 23
continuous electrochemical cycles with nearly 100% CE.
Despite the advances in the multivalent nonaqueous battery
systems, there are still many challenges ahead. The
fundamental investigation of the interfacial mass transport
properties and SEI formation for Zn deposition can serve as a
guideline to manipulate the SEI chemistry for the purpose of
improving the performance and design of multivalent non-
aqueous batteries.
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