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ABSTRACT: Water-in-salt electrolytes (WiSEs) are of interest for
use as aqueous multivalent electrolytes due to their potential to
address reversibility and passivation concerns common in multi-
valent batteries. In this work, the impact of the addition of
multivalent cation salts, including Zn(TFSI),, Mg(TFSI),, Ca-
(TESI),, and AI(TFSI); on the double layer behavior in LiTFSI
WiSE is investigated. Surface-enhanced infrared absorption spec-
troscopy (SEIRAS) is utilized to observe the potential-dependent
double-layer composition. TESI™ is enriched at relatively positive
potentials for LiTFSI WiSE, and water is enriched at negative
potentials for mixed electrolytes containing Mg** and Ca’*, but this
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shift does not hold for mixed electrolytes containing Zn** or AI**. Ultramicroelectrode (UME) voltammetry shows confinement of a

probe molecule Fe(CN)4*~

at the interphase in the presence of Mg?* and Ca*', an effect that is eliminated by the addition of 1.75

and 1.25 mM of Zn*" or AI**, respectively, to LiITFSI WiSE. Atomic force microscope (AFM) measurements show the presence of

smaller interlayer distances at positive potentials relative to those seen without the presence of Zn*

. These effects are correlated to

cation pK,, highlighting the importance of the water structure at the interphase of WiSE for multivalent electrolytes.
KEYWORDS: water-in-salt electrolyte, multivalent metal-ion batteries, double-layer, ATR-SEIRAS, atomic force microscopy

1. INTRODUCTION

The development of high-performance batteries forms an
intense focus of study due to their utility in renewable and
sustainable energy schemes.' Li—ion batteries are particularly
useful among available battery chemistries due to their high
energy density, resiliency to fast charging rates, and long cycle
life."”” Nonetheless, Li—ion battery capacities have plateaued
over the past decade as these capacities approach theoretical
limits.” Additionally, limitations in the availability of raw
materials used in many Li—ion batteries, including cobalt and
Li, present roadblocks for the future widespread adoption of
Li—ion batteries.”

Substantial effort has been expended to develop alternative
battery chemistries to circumvent these barriers. Multivalent
batteries featuring the use of Zn, Mg, Ca, or Al have all been
considered.* Zn—ion batteries composed of a Zn metal anode
and Zn*" intercalation cathode are considered a viable option
due to the considerable volumetric capacity of the Zn metal
anode (5851 mAh cm™), relative environmental abundance of
raw materials, and low material and assembly costs compared
to competitors.”® Further, the Zn—ion battery may be more
tractable than other multivalent batteries (Mg, Ca, and Al) at
both the anode and cathode sides. Zn** forms a relatively lower
hydrated radius, favorable for ion intercalation into a cathode,
and Zn—ion batteries exhibit a lower propensity to form a
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dense passivation layer at the anode.” However, multivalent
cation batteries also face significant challenges that present
opportunities for improvement. The high desolvation penalty
due to multivalency increases cell resistance,” while the
formation of dendrites at the anode limits Coulombic
efficiency and cycle life, and the hydrogen evolution reaction
(HER) causes solvent loss and passivation of the anode.” The
use of nonaqueous solvents may weaken the impact of these
issues, but water-based electrolytes are preferred due to the
inherent safety and low cost of water as a solvent.

One emerging way to circumvent electrolyte issues in
multivalent batteries is by employing highly concentrated
water-in-salt electrolytes (WiSEs).” WiSE composed of bis-
(trifluoromethanesulfonyl)imide (TFSI”) salts were initially
used in a Li—ion battery® and have subsequently garnered
substantlal attentlon °~'* WISE exhibits several interesting
properties.”> The bulk solvation structure inhibits HER and
expands the electrochemical stability window by reducing
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water activity due to coordination with a cation.® An unusually
high transference number is observed considering the electro-
lyte’s high viscosity, thought to be due to the formation of
water-rich channels that allow for the transportation of Li* due
to the heterogeneous bulk structure of the electrolyte.'”"*
Our previous work' "> observed a potential-dependent layered
structure in LiTFSI WIiSE at the interphase. Atomic force
microscopy (AFM), potential-dependent spectroscopy, and
electrochemical experiments revealed that while hydrated Li
species were dominant when a negative potential was applied
to a metal surface, they were displaced by TESI™ and higher
order clusters consisting of [Li(H,0),]"([TFSI]"), at more
positive potentials. These structures may further stabilize the
interphase via solvent exclusion.

The use of a mixed 20 m LiTFSI + 1 m Zn(TFSI), WiSE
suggested that the WiSE might be an effective strategy to
mitigate the challenges of single cation electrolytes in
multivalent batteries."” The authors found that the electrolyte
effectively inhibited the HER, enabling reversible plating of Zn
and inhibiting dendrite formation. Subsequent investigation of
this electrolytezo indicated that, even at WiSE concentrations,
the solvation structure of Zn** consists almost exclusively of
water molecules in the bulk electrolyte. The hydrated Zn**
stands in contrast to the environment around Li*, which
features both TESI™ and water coordination.” This contrast
suggests that the structure of the Li WiSE and the Li + Zn
WiSE must also be different at the interphase,” but little work
attends to this area. Beyond this, any further differences in
electrolytes formed from Li WiSE and other multivalent
cations remain unexplored.

Ultramicroelectrodes (UMEs) are utilized to study redox
processes in battery electrolytes.”””> UMEs feature the
presence of spherical diffusion, which is particularly beneficial
in less conductive electrolytes. Interactions between a probe
redox species and the surrounding electrolyte impact
voltammetry, thus revealing information about the solvation
environment at the interphase."’

Attenuated total reflectance surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS)™ can be utilized to
probe potential-dependent changes in abundance and
orientation of molecules at a metal surface.””~>*> ATR-SEIRAS
employs backside illumination of the electrode, which does not
require light to travel through a concentrated electrolyte,
obviating the need for a possibly detrimental thin layer cell
needed to transmit light to the front side of an electrode.”*
Alternatively, ATR-SIERAS requires the use of roughened
electrodes of uncertain orientation. Prior research has used
SEIRAS to observe the potential-dependent changes to the
electrochemical double layer of WiSEs.'">° However, the effect
of multivalent anion addition on the WiSE interphase has not
been reported.

AFM is also used to study potential-dependent EDL
structure in highly concentrated electrolytes or ionic
liquids.'"””” Here, AFM force curves are used to analyze the
effect of multivalent cations on the layering and ordered
structures in the WiSE interphase.

In this work, UME voltammetry, ATR-SEIRAS, and AFM
force curves are used to investigate the composition of the
solid/WiSE interphase and examine how this composition is
altered through the addition of multivalent cations. We focus
initially on the effect of Zn*" and then further investigate the
effect of the addition of Mg**, Ca®", and AI**. Results indicate
that the addition of Zn>* and AI** to the LiITFSI WiSE disrupts

the ordered, layered, and potential-dependent structure of the
LiTFSI WiSE interphase as previously established,'"”'” while
Mg** and Ca® do not. This effect is explained by invoking
cation pK, as a reporter of the strength of water association
with the foreign cations.

2. EXPERIMENTAL SECTION

2.1. Electrolyte Preparation. Lithium bis(trifluoromethane
sulfonyl) imide (LiTFSIL, 99.95%, Sigma-Aldrich), magnesium bis-
(trifluoromethane sulfonyl) imide (Mg(TFSI),, 99.5%, Solvionic),
calcium bis(trifluoromethane sulfonyl) imide (Ca(TFSIL),, 99.5%,
Solvionic), and sodium bis(trifluoromethane sulfonyl imide)
(NaTFSI, 99.5%, Solvionic) were dried on a Schlenk line at 120 °C
under vacuum for 12 h and stored in an Ar-filled glovebox (<1 ppm of
0, and <1 ppm of H,0).

Aqueous solutions of 20 m LiTFSI and 20 m LiTFSI + 1 m
Zn(TFSI),, 1 m Ca(TFSI),, and 0.5 m Mg(TFSI),, were prepared by
dissolving salt in Milli-Q water (18.2 MQ cm™"). An aqueous solution
of 15 m LiTFSI + 0.1 m Al(TFSI); was prepared similarly. Five mM
potassium ferricyanide (K;Fe(CN)g, >99%, Sigma-Aldrich) + 9 m
LiTFSI solutions were prepared by mixing 20 m LiTFSI with 20 mM
K;Fe(CN)g in a 1:3 volume ratio. Five mM K;Fe(CN)4 + 9 m LiTFSI
+ x mM Zn(TFSI),, Ca(TFSI),, Mg(TFSI),, or AI(TFSI); solutions
were prepared by adding an aliquot of a concentrated solution of 5
mM KyFeCN, + 9 m LiTFSI + 100x mM Zn(TESI), Ca(TESI),,
Mg(TFSI),, NaTFSL, or Al(TFSI); to the S mM K;Fe(CN)g +
LiTFSI solution.

2.2. Synthesis of AI(TFSI);. Aluminum bis(trifluoromethane
sulfonyl) imide (Al(TFSI);) was synthesized according to a published
procedure.”® 4 g of bis(trifluoromethane sulfonyl) amide (H-TFSI,
>95%, Sigma-Aldrich) was dissolved in 6 mL of Milli-Q water (18.2
MQ cm™') along with 6 g of Al foil (Aldrich, 0.5 mm thickness,
99.999%). The reaction vessel was heated at reflux for 24 h. Residual
Al was filtered off, and the remaining solution was concentrated with a
rotary evaporator and then dried in a vacuum oven at 120 °C and 635
mmHg (281A, Fisherbrand). The resulting product, a white solid, was
verified by electrospray ionization (ESI) mass spectrometry with a
time-of-flight mass analyzer (Q-TOF Ultima, Waters) and by NMR
(Carver BS00, Bruker), as shown in Figure S1. All NMR spectra were
recorded at 500 MHz. Mass TFSI™ calculated: 280.2 g mol~},
measured: 280.3 m/z.

2.3. Electrochemical Characterization. Electrochemical meas-
urements were performed using a CHI 760D potentiostat. A Pt UME
(10 ym diameter, CHI) was used as the working electrode; a Au wire
was the counter electrode; and a Ag/AgCl/3 M KClI electrode was the
reference. The Pt UME was polished mechanically on a MicroCloth
polishing pad (Buehler) using, successively, 3.0, 1.0, 0.25, and 0.05
um MetaDi Monocrystalline Diamond Suspension (Buehler) and
rinsed with Milli-Q_ water and sonicated for 5 min between each
polishing step. The Pt UME was then polished electrochemically in
0.1 M HNOs; via cyclic voltammetry from 2.0 to —0.5 V vs Ag/AgCl
for 20 cycles at 0.0S V/s. UME CV curves were simulated with
COMSOL Multiphysics 5.4 software (COMSOL, Inc., Burlington,
MA, USA) using the simulation procedures previously described.”*

2.4. Attenuated Total Reflectance Surface-Enhanced Infra-
red Spectroscopy (ATR-SEIRAS). ATR-SEIRAS was conducted
using either a Nicolet Magna $50 FT-IR spectrometer or a
PerkinElmer Spectrum 3 FT-IR spectrometer equipped with a Pike
Technologies variable angle VeeMAX III ATR accessory set to a 35°
angle of incidence and an in-house fabricated spectroelectrochemical
cell based on the previous design.”® A p-groove Si wafer (IRUBIS
GmbH) was used as the internal reflectance element.”” The Si wafer
was polished mechanically on a MicroCloth polishing pad (Buehler)
using, successively, 3.0 and 0.25 um MetaDi Monocrystalline
Diamond Suspension (Buehler), rinsed, and sonicated in Milli-Q
water for 15 min between and after polishing steps. The Si wafer was
dried under N,, and a 20 nm thick Au film was evaporated on it at a
deposition rate of 0.01 nm/s with a Temescal E-beam evaporator. The
Si wafer with 20 nm Au film was then assembled in the ATR-SEIRAS
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Figure 1. Cyclic voltammograms obtained from a 10 ygm Pt UME in a solution containing S mM K;[Fe(CN)4] and 9 m LiTFSI with additional (A)
0—1.75 mM Zn(TFSI),, (B) 0—200 mM Ca(TFSI),, (C) 0—S0 mM Mg(TESI),, and (D) 0—1.25 mM Al(TFSI),.

cell and cleaned and conditioned via cyclic voltammetry between
—0.5 and 0.9 V vs Ag/Ag" for 20 cycles at SO mV/s with the Au-
plated Si wafer as the working electrode, Au wire as the counter
electrode, and Ag wire as the reference electrode.”® The Au surface
was used as the working electrode for all of the experiments.
Potential-dependent spectra were collected using a Au counter and Ag
quasireference electrode by using a 70 s potential hold followed by a
0.2 V step between —0.69 and 0.61 V vs Ag/Ag" for all electrolytes
except for 20 m LiTFSI + 1 m Zn(TFSI),, which was collected using a
Zn counter and reference electrodes between 0.1 and 1.4 V vs Zn/
Zn**. All potentials were reported vs Ag/Ag" except where specified.

2.5. Atomic Force Microscopy (AFM). Force—distance curves
were measured by an atomic force microscope (AFM, JPK
Nanowizard, Bruker, CA). Silicon AFM probes with a cantilever
spring constant of ~0.6 N m™! and a nominal tip radius of ~10 nm
were used to probe the electrode—electrolyte interface. The Au
substrates were prepared by E-beam evaporation (Temescal FC-
2000) of 100 nm thick Au film at a deposition rate of 0.5 nm s~ onto
freshly cleaved mica surfaces, and then cleaned and flame-annealed
according to a published procedure.*® This deposition led to a surface
roughness of 0.1—0.2 nm RMS within an area of 50 nm X 50 nm,
where the measurements were taken. The electrochemical cell was
located on the AFM stage with Au-coated mica as the working
electrode. In the case of 20 m LiTFSI + 1 m Zn(TFSI),, Zn wires
were used as counter and reference electrodes. For the other
electrolytes, a Au wire was used as a counter electrode, and a Ag wire
was used as a quasi-reference electrode. A CHI700E potentiostat was
used to control the potential. The cell was covered with a Teflon
membrane to minimize the exchange of water between the electrolyte
solution and ambient air. The system was equilibrated for 20 min
before force measurements at the OCP or after applying a bias
potential. A total of 64 force—separation curves were measured at
each potential with 8 X 8 force mapping within a clean and smooth
area of 50 nm X 50 nm. Note that the hard wall is defined at a
maximum applied force of 10 nN, which is taken as the zero
separation between the tip and surface.

When the tip pushes through a layer of ions, a step or discontinuity
appears in the force—distance curve, with the width of the step being
the layer thickness (A = D, — D,), i, the difference between the
onset and end separation of each step, D, and D,, respectively.”' The
layer thickness, onset position, and rupture force (F) were determined
for all steps resolved on the force—separation profiles. Scatter plots of
layer thickness vs layer onset position and layer force vs layer
thickness were constructed for each force map to identify the
superposition of layers from the clustering of data points. The results
were displayed in bubble diagrams, with bubble size being
proportional to the frequency (or probability) of each layer measured
in a force map (64 force curves).

3. RESULTS

3.1. UME Results. Figure 1A reports CVs obtained from a
10 ym Pt UME in $ mM K;Fe(CN)s and 9 m LiTFSI as a
function of added Zn(TFSI),. The gray, topmost CV of Figure
1A was taken from the electrolyte without Zn(TFSI), and
exhibits the well-known sigmoidal shape associated with
Fe(CN)*™ oxidation to Fe(CN)¢>~ and then reduction back
to Fe(CN)*.>* This Zn-free CV also exhibits a peak on the
reverse anodic scan between 0.00 and 0.05 V. Such peaks have
been observed in the presence of adsorbed or interfacial
confined redox species in steady-state systems.”> > We
attribute this peak to the early oxidation of adsorbed or
interfacial confined Fe(CN)4*™ associated with the presence of
the high-concentration electrolyte.""

Integration of the surface-confined peak gives a charge of 1.8
X 10" C, corresponding to a density of Fe(CN)4*~ anions of
1.4 X 10" molecules cm™. This number is equivalent to
approximately 4 monolayers of Fe(CN)¢*~ (3.4 x 10"
molecules cm™2).>* COMSOL fits to the anodic linear sweep
of the CV with 9 m LiTFSI with 5 mM Fe(CN)~ in the
absence of Zn** yielded a Do = 1 X 10™® and a k° = 0.005 cm
s™!, similar to that reported previously.''

As the Zn(TFSI), concentration is increased from 0 to 1.75
mM, represented in the CVs toward the bottom of Figure 1A,
the magnitude of the peak between 0.0 and 0.05 V associated
with confined Fe(CN)4*~ decreases. This decrease is likely not
associated with interference from Zn electrodeposition because
the potential range used here is ca. 0.89 V positive of the Zn>*
reduction potential. The concentration of Zn(TFSI), was
systematically increased until the resultant CV exhibited the
sigmoidal shape expected in the absence of confinement. This
ultimate concentration is 1.75 mM. Accompanying this change
is a drop in the density of confined Fe(CN)*~ to 5.4 X 10" at
125 mM Zn(TFSI), then to below one monolayer of
coverage at 6.7 X 10" molecules cm ™2 at 1.50 mM Zn(TFSI),.
COMSOL fits to the anodic linear sweep again yielded Dg
values ranging from 1 X 107 to 8 X 1077 cm”* s™' and a k° =
0.005 cm s~! (absent Zn** addition) to kK = 0.002 cm s™* with
the addition of 1.75 mM Zn?*. The lower value of k® suggests
that Zn** addition has inhibited Fe(CN)s /4" electron
transfer at the interface.

To evaluate the effect of the addition of other multivalent
cations on the Fe(CN)64_ confinement structure, we examined
the effect of Ca®’, Mg?*, and AI’* additions on the
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Figure 2. Potential-dependent SEIRAS spectra in the 1950—2100 cm™" region showing v(CN) peaks from [Fe(CN),]* and [Fe(CN)s]*” (A) 9m
LiTFSI + 1.75 mM Zn(TFSI), + 20 mM K;Fe(CN)g, and (B) 9 m LiTFSI + 20 mM K;Fe(CN)s.

voltammetry. Figure 1B reports CVs obtained from a Pt UME
in S mM K;Fe(CN)4 and 9 m LiTFSI as a function of added
Ca(TFSI),. As before, the CV obtained prior to Ca(TFSI),
addition exhibits the confinement peak also reported in Figure
1A. Integration of this peak at 0 mM Ca(TFSI), yielded a
density of Fe(CN)4*™ ions of 6 X 10, In contrast to the Zn**
case, however, the addition of Ca(TFSI), does not result in a
decrease in the confinement peak. Rather, at the first addition
of 50 mM Ca(TFSI), a doubling of Fe(CN)*~ ion density to
1.2 X 10" molecules cm™ was observed. The addition of a
greater concentration of Ca(TFSI), than Zn(TFSI), was
necessary to obtain an observable increase in the confinement
peak intensity. As Ca(TFSI), concentration is increased past
50 mM Fe(CN)¢*™ ion density at the interphase continues to
increase less rapidly, reaching a maximum of 1.64 X 10" at a
Ca’" concentration of 150 mM before declining to 1.59 X 10'°
molecules cm™ at the final Ca?* concentration of 200 mM.
This increase is accompanied by an increase in the potential of
the oxidation peak relative to Eq from 0.035 to 0.061 V from 0
to 50 mM Ca®', an increase of 0.026 V that persists with
further increase in Ca(TFSI), concentration. COMSOL fits
show that Dy decreases monotonically from 9 X 1077 to § X
1077 ecm? s™! as Ca(TFSI), concentration is increased from 0
mM to 200 mM, possibly a consequence of the increased
Fe(CN)s*~ confined at the interphase. Also determined
through COMSOL simulations, k° remained = 0.004 cm s~}
for all Ca** concentrations.

CVs obtained from a Pt UME in S mM K;Fe(CN), and 9 m
LiTFSI as a function of added Mg(TFSI), are represented in
Figure 1C. As Mg(TFSI), concentration is increased in Figure
1C, the confinement peak is maintained and increases its size,
similar to the case of Ca(TFSI), addition in Figure 1B. Smaller
10 mM increments of Mg(TFSI)Z concentration increase were
used, and the maximum concentration of Mg(TFSI),
employed was 50 mM, both values less than those used for
Ca(TEFSI),, in order to obviate solution viscosity issues, which
produced voltametric anomalies at higher concentrations of
Mg(TFSI),. The first addition of 10 mM Mg(TFSI), is
accompanied by an increase in interfacial Fe(CN)s*™ ion
density from 4.9 X 10" to 6.7 X 10" molecules cm > The
increase in interfacial Fe(CN)s*" ion density with Mg**
concentration continues until reaching a maximum of 8.36 X
10'* molecules cm™ at the highest Mg** concentration of 50
mM. We also observed an increase in the oxidation peak
position relative to Eg in Figure 1C of 0.02 V upon the first
addition of 10 mM Mg(TFSI),. Additionally, as determined by

COMSOL fits, Dg decreases somewhat from 9 X 1077 cm? s™*
at 0 mM Mg(TFSI), to 6 X 107 ecm? s7' at 50 mM
Mg(TFSI),. This decrease in Dy, is again likely associated with
the increased amount of Fe(CN)4*~ confined in the interphase.
Also determined through COMSOL simulations, k° = 0.004
cm s~ at all Mg(TESI), concentrations.

Figure 1D shows CVs obtained from a Pt UME in 5 mM
K;Fe(CN)4 and 9 m LiTFSI as a function of added Al(TFSI);.
Absent AI’* addition, there is a confinement peak present
between 0.00 and 0.05 V on the anodic scan. Integration of this
peak results in an initial density of Fe(CN)4*" ions of 1.69 X
10" molecules cm™2. The addition of AI(TESI); results in a
decrease in the magnitude of the confinement peak in Figure
1D, a trend that continues until the peak is no longer
observable at a concentration of 1.25 mM. This behavior is
similar to that observed with Zn** addition and opposite to
that observed with Ca** and Mg®" addition, but the
concentration of AI(TFSI); needed to eliminate an observable
confinement peak is 0.5 mM lower than that for Zn(TFSI),.
Finally, COMSOL fits to the anodic linear sweep of the CVs
determined that Dy decreases from a value of 9 X 1077 cm? s
absent AI** to a value of 4 X 1077 cm? s™* at 1.25 mM while k°
= 0.004 cm s~ (absent AI** addition) moves to k° = 0.001 cm
s~! with the addition of 1.25 mM AI**. Similar to the Zn>" case,
the lower value of k° suggests that AI** addition has also
inhibited Fe(CN),*~/#~ electron transfer at the interface.

3.2. SEIRAS of Ferro(i)cyanide Redox within Water-In-
Salt Electrolytes. To further evaluate the effect of Zn**
addition on the persistence of [Fe(CN),]*" at the solid—
liquid interphase, we performed potential-dependent SEIRAS
measurements on a Au surface immersed in an electrolyte
containing 9 m LiTFSI + 20 mM K;Fe(CN), with no
additional Zn(TFSI), and 1.7S mM Zn(TFSI),. The region of
the SEIRAS spectra between 1950 and 2100 cm ™" is shown in
Figure 2, which contains the peak attributed to the v(CN)
stretch of [Fe(CN)g]*™ (peak 1).”” There is little change
shown in the spectrum over the baseline (obtained at 0.4 V)
until a potential of 0.35 V is reached, where peak 1 associated
with [Fe(CN)¢]*~ appears in both cases. Peak 1 persists as the
potential scan is reversed until finally decreasing to the
baseline.

Figure 3 reports the normalized intensities of peak 1 in 9 m
LiTFSI without (black) and with 1.75 mM Zn(TFSI), present
(red). As potential is initially swept negative, the potential is
then swept to positive values; the intensity of peak 1 achieves a
maximum and then decreases. Interestingly, in the presence of
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Zn**, this maximum occurs some 0.05 V more negative than in
the absence of this cation. The delayed decrease in peak 1
intensity in the absence of Zn>' is evidence that there is
[Fe(CN)4]*" at the interphase that is not immediately oxidized
upon the anodic sweep. Alternatively, in the presence of Zn**,
interfacial [Fe(CN),]*" is oxidized more readily.

3.3. SEIRAS of Water-In-Salt Electrolyte Species.
3.3.1. Surface Spectroscopy of 20 m LiTFSI WISE with and
without 1 m Zn(TFSl),. Figure 4A,B reports SEIRA spectra
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Figure 4. SEIRA spectra of (A) 20 m LiTFSI + 1 m Zn(TFSI), and
(B) 20 m LiTFSL Spectra shown were taken at 0.61 V and subtracted
from a baseline at —0.69 V. Letters correspond to peak assignments in
Table 1.

obtained at 0.61 V vs Ag/Ag" subtracted from a baseline
obtained at —0.69 V vs Ag/Ag". Figure 4A is from 20 m
LiTFSI + 1 m Zn(TFSI), in water, while Figure 4B is from 20
m LiTFSI absent Zn(TFSI), addition. The TESI™ anion
exhibits 39 normal modes, with the highest 11 in energy
between 1000 and 1400 cm™'.** Of these 11, 8 are typically
seen in the IR.** In Figure 4, 7 of these modes are labeled a-g,
and the eighth, a weak v,,(CF;) mode at 1225 cm™, is not
observed. Assignments for these modes are reported in Table

1, along with previously calculated vibrational frequencies for
TESI™.*

Table 1. Peak Assignments for SEIRA Spectrum at 0.61 V
vs. Ag/Ag" Subtracted from a Baseline at —0.69 V vs. Ag/
Ag" of 20 m LiTFSI + 1 m Zn(TFSI),

energy/cm™" energy/cm™" calculated
peak  assignment (LiTESI only) (1 m Zn?") energy/ cm ™1
a v, (SNS) 1058 1060 1056
b (S0, 1130 1134 1133
c 1,2°%(S0,) 1145 1145 1139
d v, (CF) 1199 1199 1198
e u(CFy) 1245 1245 1237
f 1,0°7(S0,) 1330 1330 1330
g 1, P(S0,) 1365 1359 1354

When Zn(TFSI), is present, as shown in Figure 4A, all peaks
associated with TESI™ increase at 0.61 V relative to that at
—0.69 V. This increase suggests that the concentration of
TESI™ at the interphase becomes greater at positive potentials
in this solution. In Figure 4B, absent Zn(TFSI), addition,
peaks at —0.69 V are present as both positive and negative-
going features, and some peaks are absent. In particular, peak a
associated with 2,,(SNS) has not changed relative to the
baseline, while peak e associated with v,(CF;) increases. Peaks
b and c associated with the asymmetric SO, stretch decrease
relative to the baseline. The presence of intensity associated
with the symmetric CF; stretch of TESI™ at positive potential
is consistent with prior work and suggests that the
concentration of TFSI™ at the interphase increases at positive
potentials."" Alternatively, the differences in intensity of peaks
a-d and f relative peak e suggest that the molecule may have
reoriented relative to its position at —0.69 V (vide infra).

3.3.2. Potential Dependence of Surface Spectroscopy
Peaks in 20 m LiTFSI with and without T m Zn(TFSI),. To
investigate how the presence of Zn*" influences potential-
dependent speciation at the interphase, we performed in situ
SEIRAS on the LiTFSI WiSE and the LiTESI + Zn(TESI),
WISE. Figure SA reports difference spectra obtained from a
solution containing 20 m LiTFSI. Peaks e and g are assigned
above, along with the water bending mode® at 1611 cm™
(peak h). In the absence of Zn**, modes associated with TFSI~
increase at positive potentials, while the water bending mode
(peak h) appears as a negative-going feature.

Figure SC reports the normalized potential dependence of
the intensities of bands e, g, and h from the spectra in Figure
SA. As potential is increased from —0.69 to 0.61 V peaks, e and

1826384041 jncrease in intensity. This increase indicates a
greater surface excess of the anion at more positive potentials
relative to —0.69 V. Simultaneously, peak h, assigned to the
bending mode of water §(H,0), decreases in intensity,
indicating a decrease in surface excess of water at more
positive potentials relative to —0.69 V. This behavior is
consistent with prior results,"" which concluded that TESI™ is
enriched at positive potentials, while water modes associated
with Li* coordination were enriched at negative potentials. The
present data feature the water bending mode as opposed to the
OH stretch used previously.

We note that the water bending mode, §(H,0), is found at
1611 cm™ in this electrolyte. This value is somewhat lower
energy relative to §(H,0), which is ~1650 cm™ in pure liquid
water and is instead closer to §(H,0) = ~1590 cm™" of water
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Figure 5. SEIRAS spectra of (A) 20 m LiTFSI WiSE and (B) 20 m LiTFSI + 1 m Zn(TFSI), WiSE, and normalized peak intensities for selected
bands of (C) 20 m LiTFSI WiSE and (D) 20 m LiTFSI + 1 m Zn(TFSI), WiSE.

in the gas phase.”” The origin of this shift is likely due to a
change in the degree of H-bonding in the more concentrated
electrolyte, as has been discussed previously.'"** We also note
that there are no TFSI™ peaks above 1450 cm™' that could
contribute to spectral congestion in this region.'®*®****!

Figure 5B reports the spectra obtained from a solution
containing 20 m LiTFSI + 1 m Zn(TFSI), under the same
conditions as in Figure SA. Peaks e, g, and h are present in the
spectra, as shown in Figure SA. Figure SD reports the
normalized potential dependence of these bands. In Figure 5B,
the energy of peak h, 5(H,0), is 1635 cm™", which is closer to
that found in pure water at 1650 cm™ than the 6(H,0) peak
in Figure SA obtained without Zn(TFSI), addition. The blue
shift of §(H,O) in the presence of Zn*" suggests that H-
bonding at the interphase is restored relative to that in the Li-
alone case.

Figure 5B,D shows that as the potential is increased from
—0.69 to 0.61 V, peaks e and g increase in intensity relative to
the baseline at —0.69 V, indicating an increase in surface excess
of the TFSI™ anion as potential increases. Interestingly, the
intensity of peak h also increases as the potential is made more
positive, a result that is also found with the OH stretch at
higher energy (Figure S2). This increase in peak h suggests
that the surface excess of water follows that of TFSI™ in the
presence of Zn", a result opposite that found in the absence of
Zn**,

3.3.3. SEIRAS of WISE with Additional Multivalent
Cations. To evaluate whether trends of TFSI™ and water
speciation at the interphase occur in the presence of other
cations, we performed potential-dependent spectroscopy of the
WiSE with the addition of 1 m Ca(TFSI),, 0.5 m Mg(TFSI),,

and 0.1 m AI(TFSI);. The concentrations of Mg(TFSI), and
AI(TFSI); are reduced compared to the other salts due to their
lower solubility. For Al(TFSI);-containing WiSE, the LiTFSI
concentration is also reduced to 15 m due to the low solubility
of Al(TESI)s.

Figure 6A reports the surface-enhanced infrared spectra of
20 m LiTFSI WiSE with the addition of 1 m Ca(TFSI),. The
trends for peak intensity are consistent with the 20 m LiTFSI
case. As the potential is swept positively, peaks from the TFSI™
anion (e and g) increase in intensity, indicating an increase in
surface excess with potential for those species. At the same
time, peak h, which is assigned to the water OH bend
decreases in intensity, indicating a decrease in surface excess of
water, presumably as water is displaced from the interphase by
anion. This decrease indicates that a water-rich layer is
displaced by a TEFSI -rich layer as the potential is swept
positive.

Figure 6B reports the potential dependence of the
normalized intensities of bands of peaks e, g, and h. Peaks e
and g (associated with TFSI") increase in intensity with
potential, while the intensity of peak h (§(H,0)) decreases
with potential. These peak intensity trends are the same as
seen in Figure SA for LITFSI WiSE, so the 20 m LiTFSI + 1 m
Ca(TFSI), WiSE trends are classified as Li-like.

Figure 6C shows the surface-enhanced infrared spectra of a
20 m LiTFSI WiSE with the addition of 0.5 m Mg(TFSI),
under the same conditions as Figure 6A. TESI™ peaks e and g
and the water OH bend peak h are present in Figure 6C. Like
in Figure 6A, peaks e and g are positive-going at more positive
potentials, and peak h is negative-going at more positive
potentials. Likewise, the potential-dependent intensity trends
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Figure 6. Potential-dependent SEIRAS LiTFSI WiSE with additional multivalent cations and selected peak intensities. (A) Spectra obtained from
20 m LiTFSI WiSE + 1 m Ca(TFSI), WiSE and (B) normalized peak intensities for selected bands. (C) Spectra obtained from 20 m LiTFSI WiSE
+ 0.5 m Mg(TFSI), WiSE and (D) normalized peak intensities for selected bands. (E) Spectra obtained from 15 m LiTFSI + 0.1 m Al(TFSI),

WiSE and (F) normalized peak intensities for selected bands.

of peaks e, g, and h in Figure 6D for the Mg(TFSI),-containing
WISE can also be classified as Li-like.

Figure 6E reports the SEIRA spectra of a 15 m LiTESI WiSE
+ 0.1 m AI(TFSI);. The two most intense peaks from the
TFSI™ anion (peaks e and g) as well as the water bending
mode (peak h) are seen in the spectra at positive potentials.
Figure 6F shows the normalized potential dependence of the
intensities of bands of peaks e, g, and h. Similar to the case with
Zn?* addition, the addition of AI(TFSI); to the WiSE results in
all three peaks increasing in intensity with the potential. We
classify these trends as Zn-like.

3.4. Interfacial Layering Structure Probed by AFM. To
investigate the effect of multivalent cations on interfacial
layering nanostructures, we performed potential-dependent
force spectroscopy measurements by using AFM. Under all
conditions, the measured force—distance curves reveal steps or

discontinuities in the force profile; Figures S4 and S5 show
representative results. The steps reflect the arrangement of ions
and water in layers at the smooth electrolyte/electrode
interface: as a layer of ions and/or water molecules is ruptured
or pushed through with the sharp tip, a step appears in the
force profile.'””” A higher force typically suggests a stronger
adsorption of the molecules or ions, either to the surface or to
the underlying layer. The solvation structure vanishes beyond
~3 layers at all conditions. Roughness can disturb interfacial
layering in aqueous solutions, but the small surface roughness
(<2 A) in the regions selected for the AFM measurements (S0
nm X 50 nm) facilitates the detection of these layers.

Heat maps of the force—distance curves in 21 m LiTFSI
WiSE reported in our earlier work'' showed excellent
agreement between force—distance curves at different
locations. With the addition of multivalent cations, the steps
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Figure 7. Bubble diagrams with the layer thickness vs the onset position of the layer and rupture force vs layer thickness at (A,D) OCP, (B,E) AU
> 0, (C,F) AU < 0 for 21 m LiTFSI (black), 20 m LiTESI + 1 m Zn(TFSI), (red), and 20 m LiTFSI + 0.1 m Ca(TFSI), (blue). Each bubble
represents a cluster of data points in the scatter plot. Bubble position and error bars are the average and standard deviation of each group of layers,
respectively. Bubble size is proportional to the frequency of measurement of each layer. OCP for 21 m LiTFSI is —0.16 V vs Ag, for 20 m LiTFSI +
1 m Zn(TFSI), is 1.0 V vs Zn/Zn*", and for 20 m LiTFSI + 0.1 m Ca(TFSI), is 0.13 V vs Ag. The positive potentials with respect to OCP (AU =
U — Ugcp > 0) for 21 m LiTFSI, 20 m LiTFSI + 1 m Zn(TFSI),, and 20 m LiTFSI + 0.1 m Ca(TFSI), shown in (B,E) are AU = +0.46 V (0.3 V vs
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Uocp < 0) in (C,F) are AU = —0.24 V (0.4 V vs Ag), AU = —0.4 V (0.6 V vs Zn/Zn**), and AU = —0.23 V (=0.1 V vs Ag), respectively.

can still be clearly resolved on individual force—distance
curves, but when superposed in a heat map, the steps cannot
be distinguished. This variability reveals that the interfacial
structure changes slightly with location, possibly due to the
heterogeneous distribution of the divalent ions on the gold
surface (Figures S4 and SS). Hence, we analyzed each force
curve separately to determine the thickness, onset position, and
rupture force of each layer, and 2—3 groups of layers were
identified from scatter plots for each force map. The layer
thickness vs layer onset position and the rupture force vs layer
thickness are shown in bubble diagrams in Figure 7.

Figure 7 shows that, overall, the layered interface is thicker
in 21 m LiTFSI and 20 m LiTFSI + 0.1 m Ca(TFSI),, as
inferred from the greater onset position (up to ~1.5 nm) and
more layers present at the surface, relative to 20 m LiTFSI + 1
m Zn(TFSI), WiSE. In highly concentrated electrolytes like
WiSE, the diffuse layer collapses (Debye length <0.1 nm), and
hence, these layers inform about the layered structure of
(polyatomic) ions (and water) that arrange on the surface to
counterbalance the surface potential. Hence, the layer
thickness depends on the molecular composition. Note that
in highly concentrated electrolytes, overscreening by counter-
ions is expected,”’ and hence, multiple layers of counter- and
co-ions accumulate at the interface to counterbalance the
surface charge, deviating from the concept of the Stern layer in
dilute electrolytes.”* Additional factors can influence the layer
thickness, such as the ion packing disorder, the compressibility
of the molecules and hydrated ions (at applied pressures as
high as 0.5 GPa with the tip), and the potential dehydration of
ions induced by pres.sure.45’46 Indeed, previous molecular

dynamics (MD) simulations for ionic liquids proposed that the
compressibility of ions under high pressures can lead to a
significant reduction in layer thickness. Therefore, the layer
thickness might appear smaller than the inherent molecular/
ion size.

3.4.1. Interfacial Layering Structure Probed by AFM at
Negative Bias. The interfacial structure probed by AFM
changes as a function of the potential. We expect that Li*, Ca*",
and Zn?" interact strongly with negatively biased surfaces, and
hence, we describe these results first. For 21 m LiTFESI, three
layers are measured with A; = 4.3 + 1.0, A, = 3.3 + 1.0, and
A, = 2.8 + 0.8 A as the force increases, i.e., as the layer onset
position decreases. The ca. 3 + 1 A layers are likely attributed
to water or hydrated Li* at the interface, considering the
negative applied potential and the relatively compact layer
thickness. These findings are consistent with the SEIRAS
results. The observed reduction in layer thickness compared to
the calculated size of [Li(H,0)]* reported (ca. 5.4 A)"' is
likely a consequence of the dehydration of the Li* upon its
adsorption to the surface. For example, Lee et al.* investigated
LiCl solutions and found a distinct Li" layer at 2.2—2.4 A from
the mica surface, followed by a less pronounced layer located at
S A further away from the surface, which was associated with
partially dehydrated and highly hydrated Li*, respectively.
Therefore, it is possible that layer A, = 3.3 + 1.0 A is
associated with the partial dehydration of the adsorbed
[Li(H,0),]*, and the layer resolved at much higher force
(A, = 2.8 + 0.8 A) is attributed to surface-adsorbed Li*; a
dehydration-associated step has been previously reported in
SFA experiments for dilute electrolytes.”” An additional factor
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contributing to the smaller dimension could be the
compression exerted by the tip. For example, previous studies
have reported a distortion of the solvation shell induced by the
AFM tip pressure, coupled with the adsorption to the electrode
surface for Li" ions chelated to oligoether ligands with 3 to 4
repeating units.***

There are multiple possible explanations for the layer with a
thickness of Ay ~ 4.3 A. First, we note the 4.3 + 1.0 A layer
thickness is close to the predicted size for hydrated Li*, which
might suggest the existence of a second layer rich in
[Li(H,0),]* to further counterbalance the surface potential.
The presence of two solvation layers enriched in hydrated Li*
could indicate a phenomenon known as crowding of multiple
layers of counterions in highly concentrated electrolytes,
particularly at sufficiently high potentials.”> On the other
hand, overscreening is possible, and hence, TFSI™ may also be
present close to the negative Au surface. Previous studies of
TESI™ containing ionic liquids have found a TESI™-rich layer
of ca. 44 A, which is very close to the 4.3 + 1.0 A spacing
measured here and slightly smaller than the values calculated
based on the packing dimension (4.7 A) and the van der Waals
diameter (5.3 A).* 7' We note the 4.3 + 1.0 A spacing is also
observed at AU > 0, where the interface is anticipated to be
rich in TESI™.

In the electrolyte with Ca** at negative bias (AU < 0), three
groups of layers (A; = 3.1 £ 0.9, A, =3.1 £ 0.9, and A; =43
+ 1.2 A) are measured, and hence, they are similar to the
results for 21 m LiTFSI WiSE. This similarity and the larger
radius of the first hydration shell of Ca** compared to Li* (4.12
vs 3.82 A)>” suggest that the interfacial region may be
populated with [Li(H,0),]* and [Ca(H,0),]**; the differ-
ences among force—distance curves taken at different positions
are consistent with Ca** and Li* being both present at different
locations. In contrast, only two layers (A; = 2.5 + 0.9 and A, =
6.4 + 1.8 A) are observed in 20 m LiTFSI + 1 m Zn(TFSI),
WiSE. The layer close to the surface is presumably rich in
water and Zn®*. The size of A, is too large to be associated
with a single cation or anion. The large standard deviation of
A, suggests the presence of multiple species of different sizes,
presumably strongly hydrated [Zn(H,0),]**, as well as clusters
of cations with TFSI”. These large clusters were not detected
in the other two electrolytes.

3.4.2. Interfacial Layering Structure Probed by AFM at
Positive Bias. In 21 m LiTFSI WiSE at AU > 0, a different
interfacial structure is observed: A; =4.3 + 1.6, A, = 6.4 + 1.2,
and A; = 6.7 + 0.8 A. Here, layers rich in water are repelled
from the Au electrode and replaced by layers abundant in
TESI", as inferred from the SEIRAS results. The layer
thickness A; = 4.3 + 1.6 A is attributed to TFSI”, as
previously discussed. However, we cannot completely rule out
the occasional presence of the cation given that layers of
approximately 3 A thickness are sometimes detected, as
inferred from the large error bars of A;. Layers with thickness
6.4 + 1.2 and 6.7 + 0.8 A are observed at AU > 0 but not at
AU < 0. Hence, these larger solvation layers are likely
associated with [Li(H,0),]*([TFSI]7), clusters, as proposed
previously.'" Overall, solvation layers resolved farther from the
surface could have a higher number of co-ions and be more
loosely packed and less strongly bound to the surface
compared to the surface-adsorbed layers.

In the 20 m LiTFSI WiSE with 0.1 m Ca®* at AU > 0, the
interfacial structure also features 3 layers with thickness A, =
2.7+ 0.7,A, =32+ 0.9, and A; = 5.5 + 1.9 A, with a larger

portion of the larger layers. The interfacial layering differs from
the results obtained in the absence of divalent cations, which
indicates that Ca”*, despite its small concentration, disturbs the
electrical double layer. This is interesting because there was no
significant difference at AU < 0. Although the size of the first
layer is only ~2.7 A, the force required to push through this
layer is very large (~3 nN), which indicates it is very strongly
adsorbed. This, along with the surface enrichment of TFSI™
and depletion of water inferred from SEIRAS, suggests that this
layer must indeed be rich in TESI", strongly bound to the
surface and compressed by the tip. This could also apply to the
second layer. Note that the thickness of the third layer and the
onset separation are widely distributed (A; from 7.5 to 3.8 A
and D, from 0.9 to 1.7 nm) compared to the absence of
divalent cations. Hence, it is likely that Ca®* is coordinated
with TFSI” and forms clusters that approach the surface, so
that a mixture of TFSI, [Ca(HZO)x]2+([TFSI]_)y, and
possibly [Li(HZO)x]+([TFSI:|_)y clusters are present here.
Higher concentrations of Ca®*, like those used in SEIRAS
experiments, are hypothesized to enhance the amount of Ca**-
clusters in the bulk and, therefore, their presence at the
interface.

Theory has shown for other highly concentrated electrolytes
(ionic liquids) that the cluster-like structure in the electrolyte
can be modified in the proximity of a charged surface, deviating
from the bulk structure, where the electric field is zero.’>™*
This could explain why, e.g, Ca** disrupts the EDL of the
WiSE more significantly at positive than at negative potentials,
while the bulk structure remains the same.

In the presence of Zn*', only two layers of thickness, A; =
23 + 0.6 (most frequent) and A, = 4.6 + 1.2 A (less
frequent), are measured at positive bias (AU > 0), indicating
the disruption of the WiSE EDL by Zn*'. The smaller size of
the layers is consistent with the increase in water content
detected by SEIRAS, compared to the negative potential
(baseline), and hence, it is attributed to the presence of water,
along with an anion-rich interface; indeed, A, is close to the
size attributed to TFSI™.

3.4.3. Interfacial Layering Structure Probed by AFM at
OCP. In 21 m LiTFSI WiSE, three distinct layers are measured
within a separation of 1.5 nm from the surface: A} = 3.2 + 1.4,
A, =37+ 08, and A, = 6.7 + 0.7 A, respectively. The layer
thickness reflects an intermediate situation between the
positive and negative potentials discussed above, suggesting
the coexistence of both [Li(H,0),]* and [Li-
(H,0),]"([TFSI]7), near the surface, maintaining electro-
neutrality. The structure in 20 m LiTFSI + 0.1 m Ca(TFSI), is
similar to 21 m LiTFSI at OCP (A, =3.0 + 1.1, A, =33 +
1.0, and A; = 5.5 + 2.0 A), but the standard deviation is
greater, reflecting the greater heterogeneity of the interface, as
described earlier. Based on the observations at positive and
negative bias, these results indicate the presence of [Li-
(H,0),J%, [Li(H,0),]'((TFSI]"),, [Ca(H,0),*([TESI]"),
and water molecules near the surface. In the case of Zn*,
layers are only detected at ~0.5 nm from the surface, with a
small thickness (2—3 A), consistent with the presence of water,
the absence of clusters, and/or the reduction of overscreening
near the Au surface at OCP. This indicates that the addition of
Zn** not only disrupts the WiSE structure near a positive and
negative Au surface but also even in the absence of an applied
bias. Note that the surface charge of unbiased gold in aqueous
solution has been reported to be both slightly positive™ and
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negative,‘56 and; hence, we cannot exclude a small surface
charge for the unbiased Au.

4. DISCUSSION

4.1. Ultramicroelectrode Experiments. The measure-
ments reported above show that the addition of foreign metal
cations to the WiSE has different effects depending on cation
identity. Cyclic voltammetry measurements probing Fe-
(CN)4>~/* redox at a UME in a concentrated LiTFSI solution
all feature a peak indicative of interphase-confined Fe(CN)*",
as reported previously.'' In the presence of Zn*" and AI**, the
same UME measurements show that this confined peak
decreases with increasing cation addition. Alternatively, the
same measurements performed in the presence of Ca*" or
Mg*" show retention and even enhancement of the Fe(CN)¢*
confinement peak.

We previously suggested that the confinement peak seen in
WiSE was a consequence of the layering of the electrolyte at
the interphase. Specifically, at the Fe(CN)s~/*" redox
potential (>0 V vs Ag/Ag’), we suggested a TFSI -rich
layered, double-layer structure is present at the interphase. The
layered structure combined with the hydrophobicity of the
TESI -rich layer inhibits diffusion of the hydrophilic Fe-
(CN)g*™ molecule away from the electrode surface as it is
generated, resulting in a high local concentration of the
reduced species at the interphase.'" Further, because the size of
the confinement peak is tied to the density of Fe(CN)4*~
molecules at the interphase, this peak is an indicator of the
extent of confinement. The fact that this confinement peak is
enhanced in the presence of Mg** or Ca®" suggests that in the
presence of these foreign cations, the hydrophobic layered
structure seen at positive potentials with LiTFSI WiSE without
additional cations is maintained. In contrast, this layered
structure must be altered or removed in the presence of Zn**
or AP,

There are additional differences between the behavior of the
WiSE alone and that of the WiSE in the presence of Zn** or
AP**. In particular, the peak maximum for confined Fe(CN)4*~
decreases in both cases potential relative to E,. The decrease in
the potential of the oxidative peak relative to E, when
Zn(TFSIL), is present is attributed to the consumption of
confined Fe(CN)*~ at this concentration occurring at lower
potentials. From 1.25 to 1.5 mM Zn(TFSI),, where the shift is
most prominent, the density of adsorbed Fe(CN)¢*~ molecules
falls below that of a single monolayer. Thus, the consumption
of diffusion-restricted Fe(CN)¢*~ molecules generated on the
cathodic sweep may occur before the CV reaches the steady-
state current region. An additional factor in the potential shift
may be the differing interactions of the solvating cation with
the foreign cation. The solvation energy of the cation can cause
a shift in the redox potential of an electroactive anion.””>*
Changes to the dielectric strength and desolvation penalty as
foreign cations are added to the electrolyte could also impact
the magnitude of the desolvation penalty as Fe(CN)s* is
oxidized, impacting the oxidation potential of the reduced
species.

The presence of Mg** or Ca*" also results in a change in the
confinement peak potential. Contrary to the Zn*" or AI** cases,
the peak potential increases with an increasing multivalent
cation concentration in these cases. The addition of both
Ca(TFSI), and Mg(TFSI), result in confinement peaks that
indicate the presence of multiple monolayers of Fe(CN)4*",

resulting in an additive effect that shifts confinement peak
maxima to more positive potentials.

In addition to the presence and potential of the confinement
peak, the addition of all the multivalent cations considered
resulted in small decreases to D, likely associated with
increased viscosity of the WiSE.>” The addition of Mg** or
Ca’" resulted in a k° virtually unchanged compared with the
WISE alone. Alternatively, the addition of Zn or Al resulted in
a drop in k° from 0.005 cm s~ to 0.002 cm s~ (Zn**) or from
0.004 to 0.001 (AI**). The large decreases in k° may be due to
the occupation or blocking of electrochemical active sites on
the electrode surface by hydrated Zn®* or AI** species. This
would reduce the electroactive surface area of the electrode,
resulting in an apparent reduction in k°.

4.2. Potential-Dependent SEIRAS of the Fe(CN)g3~/4~
Redox Couple in WISE. Spectroscopic investigation of the
v(CN) peak of Fe(CN)4*™ provides additional evidence for the
presence of confined Fe(CN)¢*~ in the LiTFSI WiSE and its
absence when 1.75 mM Zn?" is present. In the LiTFSI WiSE,
continued accumulation of Fe(CN)4*™ after the beginning of
the reverse potential sweep from 0.1 to 0.2 V vs Ag/Ag" is
evidence that this species is unable to freely diffuse back into
the bulk solution. When 1.75 mM Zn(TFSI), is added to the
solution, there is a smaller window of accumulation of
Fe(CN)* that ends at 0.15 V.

4.3. SEIRAS with Foreign Cations. In the 20 m LiTFSI
WISE, water and TFSI™ exhibit inverse potential dependencies
in SEIRAS. Water modes increase and TFSI™ modes decrease
in intensity upon application of negative potentials, a result
consistent with a previous study at 21 m LiTESL'' This
behavior was attributed to the displacement of hydrophobic
TESI™ and [Li(H,0),]*([TFSI]7), clusters with incoming
[Li(H,0),]" species at negative potentials.11 The inverse
potential-dependent correlation between water and anion is
still observed when 1 m Ca(TFSI), or 0.5 m Mg(TFSI), is
added to the WiSE, behavior that is “Li-like”, suggesting that
neither Ca® nor Mg®" disrupt the [Li(H,0),]*([TESI]Y),
layers. Upon the addition of 1 m Zn(TFSI), to 20 m LiTFSI
WIiSE, however, all observed FTIR modes assigned to both
water and TFESI™ increase with the potential. The same trends
were observed in a WiSE consisting of 0.1 m AI(TFSI); and 15
m LiTFSI, behavior that is “Zn-like”. Thus, the addition of
Zn** or AI** must disrupt the hydrophobic TFSI™ layer that
forms at positive potentials for Li-like electrolytes.

To explain the origin of the voltammetric and spectroscopic
behavior seen with addition of cations to the WiSE, we use the
differing pK, values of the cations as a measure of the strength
of association to water for each cation. Table 2 provides these
different pK, values. Interestingly, both Zn** and AI** (Zn-like
cations) exhibit a pK, value much lower than that of Li*, while
Ca’ and Mg** (Li-like cations) have pK, values higher than
that of Zn** and closer to that of Li*. The lower pK, of Zn**
and AI** indicate that water within metal-aqua complexes with

Table 2. pK, Values of Cations in Electrolyte

cation pK, classification of WiSE with cation addition
Li* 13.8% Li-like
Ca* 12.8 Li-like
Mg? 11.4% Li-like
Zn** 9.0 Zn-like
APP* 5.5 Zn-like
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Figure 8. (Left) representation of the interphase at a positively polarized metal surface in the LiTFSI WiSE. (Right) representation of the
interphase at a positively polarized metal surface in LiTFSI + Zn(TFSI), WiSE.

these cations is bound stronger to the cation compared to Li’,
Ca®*, and Mg**.*” We posit that strong cation binding with
water disrupts the network of anions at the interphase of some
WiSEs. This disruption manifests in the variety of differences
observed at the interphases of WiSE with and without a low
pK, cation.

We also note that the Hofmeister series contextualizes the
differences in behavior between the cations observed
experimentally. A" and Zn®*, both considered chaotropes,
or water structure breakers, promote the binding of water to
the cation. Li*, Mg®, and Ca®, are closer to the water
structure forming, or kosmotrope side of the Hofmeister
series.”” This series is also a reflection of the stronger binding
of water to Zn>" and AI**, contributing to the breakdown of the
water-TFSI-cation network at the interphase.

As established, SEIRAS in the presence of Zn?* and AP
(Zn-like cations) indicate that when TFSI™ associates with a
positively polarized metal electrode, water is also associated
with this interphase. Some of this water, however, likely exists
within the solvation shell of the Zn** cation due to the low pK,
of Zn** compared to Li*.

Due to the extreme concentration of LiTFSI WiSE, Li*
cations tend to exist as dimers or trimers bridged by other
species in solution."® NMR studies suggested that bridging
deprotonated —OH— binding at least two Li* molecules plays
an important role in the formation of multimeric structures in
the bulk."> We suggest that higher order negatively charged
aggregates containing cations, TESI", and water are prevented
from forming at the electrode interphase at positive potentials
when a cation with a low pK, is introduced to solution. Thus,
low pK, is associated with a disruptive effect at the interphase,
possibly because the high affinity of low pK, cations for water
removes water from TFSI -rich structures at the interphase.
Such an effect would explain UME voltammetry results, as
Fe(CN)4*" could more easily diffuse through a disordered
double layer and SEIRAS results, as water removed from its
place in an anion-rich interfacial layer may be more visible to
SEIRAS.

The disruptive effect associated with Zn-like cation addition
is not observed when the added cation does not have a low
pK, In these cases, including Mg** or Ca®, the weaker
association between the cation and water prevents a change in
the interfacial water structure and preserves the hydrophobic
TESI™ layer. Thus, these Li-like cations exhibit the same trends
spectroscopically and electrochemically as those found for the
LiTESI WiSE alone.

Figure 8 shows a cartoon describing the interphase at a
positively polarized surface in the presence and absence of
Zn**.

4.4. TFSI™ Vibrational Modes. We next discuss TFSI™
vibrational modes in the presence of different cations. For the
LiTFSI WiSE, the two strongest TFSI™ modes (e and g in this
work) increase in intensity at positive potentials and decrease
in intensity at negative potentials. Not all TESI™ associated
modes exhibit this behavior, however, while modes e and g
increase in intensity at positive potentials, modes a-f do not. In
contrast, in the presence of Zn(TFSI),, all observed TFSI™
associated bands increase in intensity with potential. This same
behavior is found in the case of Al(TESI); addition, as shown
in Figure S3.

There is substantial work examining TFSI” modes in
different environments. In the low energy region between
700 and 800 cm™, clear differences in TFSI™ spectroscopy are
related to the extent of ion pairing in the electrolyte.””** In the
high energy region (1000—1400 cm™), IR modes are
complicated combinations of different atomic displacements,
and their behavior is less diagnostic. Different intensities of the
bands in this region have been associated with (a) different
conformers of TFSI™ (cisoid vs transoid),”**™%” (b) different
coordination environments,***"*”%® and (related) (c) different
concentrations.”’

In the LiTFSI WiSE + Zn(TFSI),, nearly all of the TFSI™
associated bands are observed. Particularly, in the region of the
out-of-plane and in-plane asymmetric SO, stretches (peaks e
and g) between 1300 and 1400 cm™', three peaks appear
despite only two bands being present at that location. The
third appears as a shoulder of peak g. The presence of this peak
is an indication of a mix of cisoid and transoid conformers at
the interphase, as there is a slight shift in the energy of the SO,
bands between the two conformers. In general, the presence of
a diversity of bands suggests TFSI™ disorder at the LiTFSI
WIiSE + Zn(TFSI), interphase. This inferred disorder is
consistent with the inferences from the UME measurements,
where the confining layered structure is removed in the
presence of Zn*".

In contrast to the LiTFSI WiSE + Zn(TFSI), case, in the
LiTFSI WiSE, not all of the TFSI™ bands are observed. The
change in intensity of the different TFSI” modes may be a
consequence of ordering at the interphase, which makes only
some of the TESI™ modes IR allowed. Research suggests that
when TFSI™ is coordinated at only one of its two available SO,
sites, it exhibits a high degree of mobility in the other,
uncoordinated SO,CF; group of the molecule.”” Other work
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has established that in a LiTFSI-containing WiSE at a
positively polarized surface, TFSI™ will adsorb parallel to the
surface, coordinatinﬁg both the positive surface below and the
Li* cations above.’”°® To coordinate both, the TESI™ anion
must be in the transoid conformation to enable one
coordinating SO, group to point down to coordinate the
surface and the other to point up to coordinate the cation. This
conformational selection at the interphase may be the origin of
the limited number of TFSI” modes in the interphase. A
detailed understanding of the spectroscopy in this region,
however, will require the use of single crystals and polarization
techniques.

4.5. AFM Experiments. The AFM data reported above
reveal that the addition of Zn?* to LiTFSI WiSE results in a
disruption of the WiSE clustering structure observed for 21 m
LiTESI WiSE and 20 m LiTFSI + 0.1 m Ca(TESI), WiSE. The
structure of the EDL for the 20 m LiTESI + 1 m Zn(TFESI),
exhibits a number of differences from 20 m LiTFSI + 0.1 m
Ca(TFSI), and 21 m LiTESI WiSE. While the introduction of
the Ca®" ion to the WiSE promotes greater heterogeneity at
the interphase, the presence of only two layers at negative bias
in the Zn?* case, in contrast to Ca>* or LiTFSI alone, reflects
the more significant disruption of the interfacial structure by
Zn*". Additionally, at negative bias, AFM results for 20 m
LiTFSI + 1 m Zn(TFSI), WiSE showed the presence of a large
layer with a large error in size, presumably a combination of
strongly hydrated [Zn(H,0),]*" and clusters of cations with
TFSI". These large layers were observed only in the Zn*" case,
indicating that the interaction between Zn** and TFSI™ at the
interphase is strong, possibly contributing to the disruption of
the interaction between Li* and TFSI™ that is present in the
neat WIiSE. The presence of anion—cation clusters also
indicates the applied potential is greatly screened by the
surface-adsorbed layers (Zn>*), which is consistent with the
reduction of k° for Fe(CN)Z™* upon Zn®>* addition to
LiTESI WiSE. The larger thickness of the layer could also
reflecting a weaker electrostatic attraction to the Au surface.

At positive bias, only two layers were observed for 20 m
LiTFSI + 1 m Zn(TFSI), WiSE, in contrast to 20 m LiTFSI +
0.1 m Ca(TFESI), or 21 m LiTESL Overall, Zn** seems to
hinder large clusters from approaching the positive Au surface,
thereby reducing both the extent of overscreening (co-ions)
and the presence of clusters close to the positive Au surface.
This inhibition of cluster approach might be because Zn>*
interacts strongly with water as indicated by low pK,, and
disrupts the WiSE structure, i.e., the coordination between Li*
with TESI” anions and water—at least close to the surface.
This modified EDL might also justify the disruption of the
confinement effect of the redox species. Overall, these results
support the conclusions drawn from UME and SEIRAS
experiments that resulted in the classification of Ca’* as a “Li-
like” cation, and Zn®" in a separate category of “Zn-like”
cations.

5. CONCLUSIONS

We demonstrate that the potential-dependent layered structure
of the metal/WiSE interphase of 20 m LiTFSI is altered by the
presence of multivalent cations and that this effect is correlated
to the strength of the metal-aqua complex, as measured by
cation pK, and also correlated with the place of the cation on
the Hofmeister series. SEIRAS and AFM results indicate that
in WiSE without multivalent cation, or when the multivalent
cation does not have a sufficiently low pK, or chaotropicity

(Mg** and Ca’"), the double-layer structure exhibits a
potential-dependent enhancement of water at negative
potentials and TFSI™ and cluster-containing TFSI”, water,
and cation at positive potentials. This double-layer structure
results in the confinement of Fe(CN)s*™ at the interphase.
However, the presence of low pK, or chaotropic cations (Zn**
and AP*") results in a disordered interphase and the removal of
the confinement effect. At positive potentials, clusters are not
observed in AFM, and SEIRAS results show an enhancement
of water. This work shows that cations with a high affinity for
water disrupt the ordered interphase present in the LiTFSI
WISE, which highlights the important contribution of water as
a bridge in layered structures at the interphase.
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