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ABSTRACT: Concentrated water-in-salt electrolytes (WiSEs) are used in aqueous
batteries and to control electrochemical reactions for fuel production. The hydrogen
evolution reaction is a parasitic reaction at the negative electrode that limits cell voltage
in WiSE batteries and leads to self-discharge, and affects selectivity for electrosynthesis.
Mitigating and modulating these processes is hampered by a limited fundamental
understanding of HER kinetics in WiSEs. Here, we quantitatively assess how
thermodynamics, kinetics, and interface layers control the apparent HER activities in
20 m LiTFESI. When the LiTFSI concentration is increased from 1 to 20 m, an increase
in proton activity causes a positive shift in the HER equilibrium potential of 71 mV.
The exchange current density, i,, derived from the HER branch for 20 m LiTFSI in
98% purity (0.56 + 0.05 yA/cmp,”), however, is 8 times lower than for 20 m LiTFSI in
99.95% (4.7 + 0.2 uA/cmp) and 32 times lower than for 1 m LiTFSI in 98% purity
(18 + 1 pA/cmp?), demonstrating that the WiSE’s impurities and concentration are
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both central in significantly suppressing HER kinetics. The ability and applicability of the reported methods are extended by
examining additional WiSEs formulations made of acetates and nitrates.

B INTRODUCTION

Aqueous batteries have long been envisioned as a safe
(nonflammable), green, and cost-effective energy-storage
technology with the possibility for high power and energy
density,”” but historically have been limited by the water
electrochemical stability window of ~1.23 V based on
thermodynamics.” For some electrodes, the slow hydrogen
and oxygen evolution kinetics allow working voltages > 2 V,
such as in the Pb—acid battery. Recently, “water-in-salt”
electrolytes (WiSEs) have been prepared by dissolving large
quantities of salt in small quantities of water.™ '’ With 21 mol/
kg (21 m) aq. lithium bis(trifluoromethane) sulfonamide
(LiTFSI),”* the salt/water molar ratio (Li*/H,0) is 1:2.6. This
electrolyte has a reported electrochemical stability window of
~3 'V, resulting in a significant increase in the aqueous battery
energy density. Diverse electrolyte salts have now been used in
WIiSE systems,”_19 including nitrates,5 acetates,6 water-in-
bisalt electrolytes (LITESI + LiOTf),” hydrate-melt electrolytes
(LiTFESI + LiBETI),” and molecular crowding electrolytes (2
m LiTESI in 94% PEG).”’

Despite the tremendous effort in developing WiSEs that aim
to offer high-voltage/high-energy batteries, the understanding
of stability/instability”' in WiSEs is constrained by the limited
research on the individual effects of thermodynamic and
kinetic factors from HER and OER.** It has been largely
accepted, but without much direct proof, that a scarcity of free
water molecules with reduced thermodynamic activity widens
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the overall voltage window, and the creation of a protective
solid—electrolyte interphase (SEI) layer at the negative
electrode may further modulate kinetics.”>’ Beyond battery
applications, WiSEs are being used as advanced electrolytes for
electrosynthesis, for example in CO, electroreduction where
controlling the apparent “activity” of water affects the
selectivity and product distributions.”*~>°

For applications, understanding the HER, and more broadly
interfacial electrode kinetics, in WiSEs is essential. Compared
to the oxygen evolution reaction (OER), the HER has fast
kinetics, thus is difficult to prevent, and is typically the cause of
poor Coulombic efficiency (CE) in aqueous batteries.”””*"
Zheng and Pan et al.” used a titration calorimetry experiment
to analyze the thermodynamic extension of the electrochemical
window of 22.2 m LiNOj; and found little change to the
underlying water-splitting thermodynamics, concluding that
kinetic effects must dominate. Here, we find that LINO; is not
a good WISE for studying kinetics because of parasitic
reactions (discussed below). Several studies targeted under-
standing reactions on negative electrodes in WiSEs.>*?%3°
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Wang and Suo et al. argue that the reduction of dissolved gas
and TFSI™ creates LiF, Li,O, and Li,COj as protective barriers
to inhibit H, evolution.”® Grimaud and Dubouis et al. propose
that the initial electrochemical reduction of water plays a role
in catalyzing the formation of the SEI composed of LiF and
CF,”” Fontaine and Bouchal et al. assigned two distinct
reduction potentials for the chemical environments of free and
bound water.”® They used online electrochemical mass
spectrometry to show that water reduction is the only
contributor to the reductive current, consistent with the
findings of Dubouis et al,”” and they suggested that tuning
local salt precipitation/dissolution enables improved reductive
stability. However, a key knowledge gap is understanding how
the kinetics for HER fundamentally depend on the nature of
the electrolyte and double-layer environment, compared to
possible modification of the solid—electrolyte interface.
Further, due to the complex environment of water in
WISEs,”* even cleanly measuring the activity of protons,
water, and separating thermodynamic from kinetic and
interface-modification effects is a significant challenge.

Here, we use a Pt rotating-disk electrode to study the HER/
HOR kinetics in WISE electrolytes under controlled mass-
transport conditions. Pt is a fast (reversible kinetics) catalyst
for HER/HOR in aqueous acid, and thus, measured changes to
the Pt HER/HOR activity in the WISE should provide key
information on operative mechanisms. We used measurements
of water and proton activity to deconvolute thermodynamic
and kinetic changes to the apparent potential-dependent HER/
HOR current.

We find that the equilibrium/reversible hydrogen potential
shifted substantially for the different electrolytes studied
apparently due to changes in proton activity. For example, a
negative shift of hundreds of mV was observed going from
acidic concentrated LiNO; to more-alkaline concentrated
acetates. The decreased water activity, measured directly, has
only a small effect (tens of millivolts) on the water-splitting
thermodynamics. We also directly measure HER/HOR rates
on a Pt rotating-disk electrode (RDE) and Pt-ring/Pt-disk
electrode (RRDE) and quantitatively determined the kinetic
parameters (charge-transfer coefficient @, and exchange current
density i,) of various WiSEs, including LiTFSI and acetates.
We find that WiSEs exhibit slow kinetics (lower than that in
0.1 M NaOH). The level of HER/HOR kinetic inhibition
appears governed by electrolyte concentration as well as
impurities in the electrolyte. Remarkably, commonly employed
98% LiTFSI has slow HER/HOR kinetics, but ultrapure
99.95% has 8 times faster HER kinetics. Here, we present a
comprehensive analysis for examining both thermodynamics
and kinetics that can be used in a variety of settings involving
aqueous concentrated electrolytes, thus providing guidance for
assessing WiSEs for practical use.

B EXPERIMENTAL SECTION

Chemicals. All reagents were obtained commercially and used as
received without any further purification. Lithium bis-
(trifluoromethanesulfonyl)imide (LiTFSI) (>98.0%) was obtained
from Tokyo Chemical Industry. LiTFSI (99.95%), lithium acetate
(LIOOCCH;, 99.95%), potassium acetate (CH;COOK, 99.98%),
lithium nitrate (LiNO;, 99.99%), and perchloric acid (HCIO,, 70%,
99.999% trace metal basis) were obtained from Sigma-Aldrich.

Measurement of Water Activity. Water activity was evaluated
by sampling from the headspace of vials containing different
concentrations of LiTFSI. This was accomplished by measuring the
humidity (RH) in the headspace of sealed vials using a Traceable
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Thermohygrometer with calibration. The thermohygrometer sensor
was snugly put into the vial through the custom cap and adjusted to
the headspace once the electrolytes were supplied. The vial was then
sealed with a cap and Parafilm double seal (Figure S1). The setup was
left at room temperature for >8 h to achieve vapor—liquid equilibrium
before measuring humidity. A pure-water reference was prepared in
addition to the electrolyte samples, offering a benchmark for unity
water activity. According to the following equation, the water activity
values for several LiTFSI electrolytes were determined

(1)

Preparation of Platinized Pt. The platinized Pt electrode was
prepared by electrochemically depositing Pt onto a commercial Pt
wire (CHI, 0.5 mm diameter, 32 mm length). Before platinization, the
Pt wire was first cleaned in fresh aqua regia for 3 min, and then it was
cleaned electrochemically in Ar-sat. 0.1 M HCIO,. The electrode was
platinized in a deposition bath of 0.072 M (3.5%) chloroplatinic
acid®’ (saturated with Ar in advance) at a constant potential of 0.17 V
vs NHE for 15 min. Good stirring is found to be important for the
deposition, and no gas should evolve at the Pt cathode.

Electrochemical Measurements. This work employed the
mercury/mercurous sulfate reference electrode for all electrochemical
measurements. The HOR/HER activity measurements were
performed using a rotating-ring-disk electrode (RRDE, E6RI, disk
outer diameter = 5.0 mm; ring outer diameter = 7.50 mm; ring inner
diameter = 6.50 mm, Pine Research). Prior to the assembly of the
electrode, the disk was hand-polished with a 0.1 ym alumina
suspension and ultrasonically cleaned in ultrapure water. Following
the disk insertion, the assembled RRDE was hand-polished with 0.1
pm alumina suspension and ultrasonically cleaned again, then
subjected to an electrochemical cleaning procedure by immersing it
in Ar-saturated 0.1 M HCIO,, and recording cyclic voltammograms
(CVs) between 0.05 and 1.2 V vs NHE at 200 mV/s, in 100-cycle
intervals. The active surface area of Pt was determined from
integration of the Pt—H desorption wave, yielding 0.41 cm? for the
Pt disk. The current densities stated in the paper were all normalized
with the active (microscopic)surface area of Pt. The geometric area is
0.20 cm?, which would yield geometric current densities of about
twice the microscopic current densities reported. The ohmic drop
between the working and the reference electrode was quantified by
electrochemical impedance spectroscopy (EIS), applying a S mV
voltage perturbation (1 MHz—10 Hz) at the open-circuit potential to
find the high-frequency series resistance. The iR-corrected potential
was calculated from

E =E — iR

)

The NHE used throughout the paper was obtained from mercury—
mercurous sulfate reference-electrode measurement, taking the
difference between the two as 0.615 V. We note this is an estimation
due to the liquid junction potentials but enables different electrolytes
to be compared similarly in some cases. Specifically, for 20 m LiTFSI
(98% purity): NHE = +0.37 V vs RHE; in 20 m LiTFSI (99.95%
purity): NHE = +0.42 V vs RHE; in 16 m potassium acetate + 4 m
lithium acetate: NHE = +0.64 V vs RHE.

iR-corr.

B RESULTS AND DISCUSSION

Underlying Thermodynamic, Kinetic, and Transport
Concepts Governing WISEs. We first quantify how
thermodynamic and kinetic factors affect both HER and the
microscopically reverse hydrogen-oxidation reaction (HOR)
activity in WiSEs.”> Data relating to the electrochemical
window of highly concentrated electrolytes have been
frequently discussed in terms of onset potentials (the potential
required to achieve a specific electrochemical current density).
Onset potentials are governed by thermodynamics, kinetics,
and transport phenomena. Few reports discuss changes to the
thermodynamic reversible/equilibrium potential of H,O/H, in

https://doi.org/10.1021/jacs.3c12980
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Figure 1. Water activity and pH of WiSEs. (a) Water activity was measured at 25 °C with a calibrated hygrometer for various concentrations of
LiTFSI (98% in purity). (b) pH values were measured at 25 °C with chemical-indicated pH strips for various WiSEs.

WiSEs.”> The unusual properties of WiSEs, including lower
water content and high viscosity, make the problem difficult
and thus contribute substantially to the uncertainty.

We first consider the thermodynamics governing the
stability window. The reversible potentials for HER and the
OER can be written with either protons or hydroxides

2H,0 + 2¢” @ H, + 20H or2H" + 2¢” = H, (3)
40H™ = O, + 2H,0 + 4e or 2H,0
2 0, + 4H" + 4e” (4)

Because the proton and hydroxide activities are linked by the
water dissociation reaction, H,O < H*' + OH~, the
thermodynamic stability window for WISE electrolytes does
not depend on which equilibria are considered, but only on the
activities of water species in the overall chemical reaction, H,O
2 H, + 1/20,. The thermodynamic voltage window,
assuming unit activity of O, and H, and room temperature,
is thus

o

o RT
Eopr — Ener = EHZO/OZ — £H,/H,0 — Eln(aHZO)

123V - M, o)
=1 — —In(a

2F O ()
where R is the gas constant, 8.314 J/(mol K), T is the
temperature in Kelvin (298.15 K was used for calculations
below), and F is the Faraday constant (96485 C/mol). A
decrease in ay; o (Figure la and discussed below) will result in

a wider, more thermodynamically stable potential window.
Kinetic and transport effects, in addition to thermodynamics,
also modulate the apparent voltage stability window of an
electrolyte. Typically, the HER has orders of magnitude faster
kinetics than the OER in aqueous electrolytes and is the focus
of our work here. The HER kinetics might be slowed in WISE
electrolytes due to changes in the chemical nature of water
(i.e., fully coordinated by abundant cations),” the nature of
the double layer (for example, crowded with cations that
restrict water access to the surface where electron/proton
transfer occurs through an inner-sphere process),”* or the
formation of a blocking solid—electrolyte interface (SEI)
layer.”*® All of these effects are important to consider.
Transport effects have generally not been thoroughly
discussed in the WISE literature. While the overall
thermodynamics represented by eq 5 do not depend on the
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particular pH, the lack of high proton or hydroxide
concentrations in WISE electrolytes means that large pH
gradients can develop when any of the reactions in eqs 3 or 4
are driven. One challenge is accurate measurements of the pH
= —log(ay*) in WISE electrolytes due to significant junction
potentials when using typical laboratory pH probes;*” we
address this by using pH paper and direct measurements of the
reversible hydrogen potential using high-surface-area Pt
sensing electrodes (Figure 1b). Because the pH values are all
near neutral, the defining electrode reactions rapidly consume
any OH™ or H" initially present near the electrode surface,
leading to a pH gradient in the electrolyte. This induces a
concentration (Nernst) overpotential that practically increases
the voltage window. For example, consider the situation as is
present in the WISE where water is a reactant at both anode
and cathode after concentration polarization. The two
reactions become

2H,0 + 2¢” = H, + 20H and 2H,0

2 0, + 4H" + 4e” (6)
These reactions generate protons at the anode and hydroxide
at the cathode that work to increase the voltage via a Nernst
overpotential needed to pass current. Small currents are likely
sufficient to cause pH changes of several units at the electrode
surfaces, given that the WISE electrolytes lack buffering
capacity.

Experimental Measurements of Water and Proton
Activity in WISEs. We measured the humidity in the
headspace of vials containing electrolytes with different water
contents in vapor—liquid equilibrium to obtain ay; o (Figure

S1),* which decrease with the increasing LiTFSI concen-
tration and reach a minimum of 0.18 in 20 m LiTFSI (Figure
la). For 20 m LiTFS], the reduced ay; o widens the potential

window by 22 mV according to eq S, which is a negligible
increase and similar to the 15.5 mV increase Zheng et al.”
reported from titration calorimetry for both concentrated
LiNOj; and LiTFSI. In addition, a series of LiTFSI electrolytes
(of typically 98% purity) at 1, 2, S, 10, and 20 m were
prepared, and the pH was measured with a glass—electrode pH
meter, ISFET pH meter, and pH strips (Figure S2). Because
electrolytes are not buffered, drifting readings were seen with
both the glass—electrode pH meter and the ISFET pH meter.
Although pH strips are typically inferior to pH meters, we
found them superior for estimating proton activity in WiSEs

https://doi.org/10.1021/jacs.3c12980
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Figure 2. (a) CV scans of H, reduction and oxidation on Pt RDE at different rotation rates in H, sat. 20 m LiTFSI, recorded at 25 mV/s. The
arrow indicates the scan direction. Inset shows the Koutecky—Levich analysis for the HOR currents at 0.25 V (vs NHE). (b) H, reduction and
oxidation currents on Pt RDE at 2500 rpm in various H, sat. LITFSI electrolytes. Inset shows a zoomed plot.

due to the large junction potentials® across the pH electrodes
when contacting concentrated electrolytes, causing systematic
errors that are difficult to correct for. Various brands of pH
strips were screened, and nonbleeding MQuant was selected
due to effective infiltration, fast response, and good color
discrimination. Tests were performed in Ar-sparged sealed vials
to exclude the influence of CO, in the air. The acidity of
electrolytes directly correlated with the concentration (Figure
1b). Compared to 1 m LiTFSI, an increase by 1.2 orders of
magnitude of a appeared in 20 m LiTFSI, which yields a
positive shift of Eeq for HER/HOR and OER/ORR of 71 mV,
making water thermodynamically easier to reduce to H, on an
absolute potential scale. The pH values of multiple WiSEs
including 22.2 m LiNO;, 16 m KOAc + 4 m LiOAg, and 32 m
KOAc + 8 m LiOAc were tested, and these representative
electrolytes exhibited large variations from acidic to alkaline.
The pH changed from ~10.0 to 9.5 with increased
concentration from 16 m KOAc + 4 m LiOAc to 32 m
KOAc + 8 m LiOAc.

Together, these results show that increasing the electrolyte
concentration does not significantly increase the thermody-
namic potential window. The shift caused by a pH change (in
the absence of current) is also small, although it will be
considered in the context of kinetics below. WiSEs with mildly
alkaline concentrated acetates have a more negative E for
HER/HOR, helping to prevent the HER as a side reaction,
while mildly acidic concentrated LiNOj; in principle allows
HER to occur at more positive potentials. However, as
mentioned above, because neither is buffered and both pHs are
near-neutral, small amounts of electrolysis current will deplete
the equilibrium proton or hydroxide content in the vicinity of
the electrodes, leading to pH gradients and likely little
difference in the apparent window based on the measured
pH alone.

Experimental Measurements of Thermodynamic
Potentials and HOR/HER Kinetics. Rotating-disk electrodes
(RDEs) provide steady-state laminar flow conditions adjacent
to the electrode surface and thus are commonly used to
quantify electrode reaction kinetics.”***’ We performed
HOR/HER in H,-saturated 20 m LiTFSI using a Pt RDE at
different rotating rates (900, 1600, and 2500 rpm). H,
oxidation reaches diffusion limitation at ~0.2—0.4 V vs NHE
at 32 °C (Figure 2a). This temperature was chosen to avoid
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salt precipitation, which was observed during the H, purging at
room temperature. Koutecky—Levich analysis at 0.25 V vs
NHE (Figure 2a, inset) shows that the diffusion-limited
currents have the expected rotation-speed dependence in the
presence of H,, confirming well-defined mass-transport
conditions.

We must first know the E, of HER/HOR in WiSEs to
understand the kinetics. Although we approximated that E g
varies within a scale of 100 mV, as described above, it depends
on the activity of all of the species, including protons, water,
and hydroxides, and it is difficult to precisely calculate given
uncertainties in single-ion activity measurements in concen-
trated electrolytes. We measured E,g directly by open-circuit
potential (OCP) measurements at Pt electrodes in equilibrium
with dissolved H, at 1 atm. While reference-electrode junction
potentials make the absolute value of the measured E
uncertain,” the equilibrium potential is a well-defined quantity
from which the current response to applied overpotential can
be measured precisely and equilibrium-exchange currents
calculated.

We first examined the reversible hydrogen-electrode
potential, RHE, in 20 mL of LiTFSI (98%). To make accurate
and reproducible OCP measurements, platinized Pt electrodes
with ~500 times more active surface area than the Pt RDE
were used (Figure S3). The overpotentials for subsequent
HOR/HER kinetic measurements under well-defined mass
transfer conditions (Pt RDE, 2500 rpm, H, sat.) were found by
referencing to this experimentally measured RHE.

CV scans of 20 m LiTFSI (99.95%), 1 m LiTESI (99.95%),
and 1 m LiTFSI (98%) were collected (Figure S4). When
compared to 1 m LiTESI, 20 m LiTFSI has much slower
kinetics. Further, we discovered that the HER/HOR kinetics in
LiTFSI depend strongly on the electrolyte purity level (Figure
2b), with 99.95% electrolytes having much faster kinetics than
98% electrolytes. This has not been previously reported but is
central to fundamentally understanding WISEs as well as
applying them in practical batteries or for electrosynthetic
reactions. 20 m LiTFSI and 1 m LiTFSI with 98% purity
exhibited a wide plateau with a current density close to zero at
the potential window of ca. —0.2 to 0.3 V vs RHE and ca. —0.1
to 0.1 V vs RHE, respectively, consistent with the ability to
suppress electrolyte water decomposition and practically
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Figure 3. (a) Tafel plots of HOR/HER in 1 m and 20 m LiTFSI in 98% purity at a rotation speed of 2500 rpm after correction for mass-transport
overpotential due to H, diffusion. (b) Empirical measurement of the collection efficiency of Pt—Pt RRDE in 20 m LiTFSI containing S mM
ferrocenemethanol at 10, S, and 2 mV/s. (c) H, collection experiments on Pt—Pt RRDE in 20 m LiTFS], solid lines represent disk and ring current,
and the dashed line represents faradaic efficiency of HER derived accordingly. (d) Tafel plots of HOR/HER in 1 m and 20 m LiTFSI in 98% purity
at a rotation speed of 2500 rpm with further correction of faradaic efficiency for the derivation of kinetic parameters.

leading to the wider electrolyte-stability window often
reported.

In contrast, in high-purity 20 and 1 m LiTFSI (99.95%),
low-current-density regions of 0 to —0.1 V and 0 to —0.15 V vs
RHE appeared, respectively. The onset potential of HOR in 20
m LiTFSI (99.95%) was ~0.3 V negative (i.e., more favorable)
of that in 20 m LiTFSI (98%), and the same trend was
observed in 1 m LiTFSL Voltammetry in 20 m LiTFSI
(99.95%, sparged with Ar) had negligible current between 0
and 0.4 V vs RHE, confirming that the current over the same
region with H, is HOR. Even 1 m LiTFSI at 98% purity has
slower kinetics than 20 m LiTFSI at 99.95%. Remarkably,
impurities have a greater inhibitory effect on HER/HOR than
does the concentrated electrolyte. Previous WiSE mechanistic
studies”>?**° used only lower-purity LiTFSI from 98 to 99%,
and the new measurements here provide possible alternative
interpretations. Clearly, interfaces and interface effects are
particularly sensitive to impurities,”* ** and this is critical to
understand in the WISE system.

For quantitative kinetic analysis, we compared 1 m LiTFSI
and 20 m LiTFSI of 98% purity. Figure 3a shows steady-state
Tafel plots collected by chronoamperometry at a fast rotation
rate of 2500 rpm (Figure SS). The measured overpotentials
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include both kinetic and mass-transport overpotentials. The
kinetic current (i) can be thought of as the (higher) current
that would be obtained if the system were under pure kinetic
control with no mass transfer effects

(7)

The term i4 is the diffusion-limited current and is proportional
to the limiting current i) at a given potential by

s i{l ) Xp( )] (®)

where 74 is the diffusion/concentration/mass-transport over-
potential.

The HER/HOR activity is characterized by the exchange
current density (i,), which is obtained by fitting the kinetic
current (i) with the Butler—Volmer equation

SRRV

where a, and a, are the transfer coefficients for HOR and
HER, respectively, and # is the overpotential. Figure 3a shows

i
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o,Fn
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that the kinetic current for both the HER and HOR in 20 m
LiTFSI is significantly less than that in 1 m LiTFSL

Previously, it was reported that SEI layers develop under
negative polarization due to reduction of TFSI™ in 20 m
LiTFSL* which often occurs at potentials near that of HER.
We thus used RRDE experiments to quantitatively measure the
fraction of current going to HER versus other faradaic
reactions that might be associated with electrolyte or impurity
reactions forming SEI layers or other passivating surface
chemistries. First, we used FcCH,OH (ferrocenemethanol)/
FcCH,OH* (Figure 3b), an electrochemically reversible
couple,’ to quantify the collection efficiency of Pt—Pt
RRDE in the WISEs. FcCH,OH and FcCH,OH" are both
soluble in low- and high-concentration aq. electrolytes in which
commonly used species like K;Fe(CN)g or ferrocene are not.
The measured ratio of the ring current (the FcCH,OH*
generated from the oxidation of FcCH,OH at the disk,
reduced back to FcCH,0OH) to the disk current (oxidation of
FcCH,OH to FcCH,0OH") indicates an empirical collection
efficiency was 23.5% in typical 1.0 M electrolytes (Figure S6)
and ~22% in the more-viscous 20 m LiTFSI (Figure 3b). We
also noticed that at a scan rate of 10 mV/s, a time delay in
achieving constant collection efficiency was found for
potentials <0.35 V vs NHE at the disk (Figure 3b). This
result contrasts with dilute electrolytes (Figure S6b), likely due
to higher viscosity and longer disk-ring transit time in the
concentrated electrolyte. The collection efficiency was constant
when the scan rate was reduced to 2 mV/s; this was used in
subsequent RRDE measurements on concentrated electrolytes
with a collection efficiency of 22% to correct for faradaic
efficiency. In 20 m LiTFSI, the faradaic efficiency for H,
increases with negative overpotential yielding only 83% at —0.3
V versus RHE (Figure 3c); parasitic reactions are occurring,
perhaps leading to SEI layer formation (discussed more
below). In 1 m LiTFSI, on the other hand, we found a ca.
100% faradaic efficiency for H, (Figure S6d).

The kinetic current i, at the HER branch in the Tafel plot
(Figure 3d), within the potential region where collection
efficiency is constant, was corrected by the faradaic efficiency
to determine the kinetic parameters (Table 1). The HER and

Table 1. Summary of the Kinetic Parameters

charge-transfer exchange current density, i,

electrolyte coefficient, (A/cm?)

20 m LiTFSI (HER, 0.48 + 0.01 (56 +0.5) x 1077
98%)

1 m LiTFSI (HER, 0.46 + 0.01 (1.8 £ 0.1) x 107°
98%)

20 m LiTFSI (HOR, 0.83 + 0.04 (23 +1.7) x 107
98%)

1 m LiTFSI (HOR, 048 + 0.01 (28 £02) x 107¢
98%)

HOR currents for 1 m LiTFSI are reasonably symmetric
(Figure 3d), with the sum of the transfer coefficients close to 1.
On the other hand, the kinetics for 20 m LiTFSI (typical purity
of 98%) is much slower with the apparent i, from the HER
branch reduced by a factor of ~32. For the HOR branch, the
apparent i, was 10* times lower for 20 m LiTFSI than for 1 m.
The difference between i, for HER and HOR branches may
indicate that electrolyte impurities block H, transfer to the
electrode surface during HOR. However, when kept at a
constant positive polarization current, neither electrolyte was
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able to reach a stable potential for accurate steady-state Tafel
analysis (Figure S7). Consequently, the analysis that followed
was focused on HER branches (Figure S8a,b).

Electrolytes of 20 m LiTFSI (high purity, 99.95%) and 16 m
KOAc + 4 m LiOAc were also evaluated using the same
procedures (due to precipitation under H, purging at 32 °C,
32 m KOAc + 8 m LiOAc was not examined). The mixed-
acetate electrolyte showed an i, of (1.1 + 0.1) X 10™* A/cm?,
larger than the two 20 m LiTFSI electrolytes (Figure 4a). The
high-purity 20 m LiTFSI had an i, that is ~8 times larger than
that of the normal-purity salt. All of the WiSEs that were
investigated here have slower kinetics for HER than alkaline
0.1 M NaOH. Typical 98% purity 20 m LiTFSI (slightly acidic,
pH = 5.3) exhibits the slowest kinetics with an i, 1000 times
lower than in 0.1 M NaOH (i, ~ 7 X 10™* A/cm? at 32 °C,
which is much slower than in acid).*** We also studied 22.2
m LiNO; at 35 °C (Figure S8c), which has been purported to
have an aqueous stability window of ~2.5 V without creating a
protective SEL® However, our measurements show almost no
HOR current at the ring, even though there is a substantial
current at the disk (Figure 4c). This is likely due to nitrate
reduction, which is chemically unstable and is reduced via
multiple mechanisms, making this electrolyte likely unsuitable
for batteries or reductive electrosynthesis.”*

The loss of 17% of the negative current to parasitic
electrolyte reactions and the increased overpotential at positive
polarization in 20 m LiTFSI (98%) prompted us to study this
system more closely. The loss of faradaic efliciency was also
observed in 20 m LiTFSI of 99.95% purity (Figure S8a) and 16
m KOAc + 4 m LiOAc (Figure S8b). Since fluorine, which was
thought to be essential for the formation of SEL***3 is absent
in concentrated acetates, the loss in faradaic efficiency
apparently originates from other processes. Moreover, the
faradaic efficiency rapidly reaches high values in 20 m LiTFSI
0f 99.95% purity and in 16 m KOAc + 4 m LiOAc after passing
negative of RHE (Figure S8d). However, in 20 m LiTFSI of
98% purity, passivation apparently occurs from 0 to ~ —0.2 V
vs RHE.

We also assessed the potential of zero free charge (PZFC)
for Pt in various electrolytes, as the PZFC value (relative to
RHE) is thought to affect HER/HOR kinetics.* It is known
that the reduction of peroxydisulfate (S,04*7) is highly
sensitive to PZFC,* and that the onset of reduction current
varies with the crystal facet as well as for different terrace and
step-edge structures. We found onset for peroxydisulfate
reduction on the polycrystalline Pt at ~0.8 V vs RHE in
concentrated electrolytes of 20 m and 10 m LiTFSI (Figure
S13), which suggests a PZFC in the double-layer region, and
close to that reported elsewhere."” We also noted that in 10 m
LiTFS], at the same concentration of peroxydisulfate, a larger
peroxydisulfate reduction peak was found, indicating a TESI™
absorption is modulating the results."®

Microbalance Measurements of Passivation Forma-
tion and Stripping. We then used a Pt/Ti-coated electro-
chemical quartz-crystal microbalance (EQCM) to study mass
changes associated with the cathodic and anodic currents. We
assessed the effects of stirring and H, generation under
negative polarization in 0.1 M HCIO, and found that stirring
caused a perturbation of only ~0.03 ug/cm® at open circuit
(Figure S9a), and the generation and buildup of H, bubbles on
the surface induced a perturbation of <0.15 pg/cm? under
negative polarization (Figure S9b) at up to —S mA/cm?.
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Figure 4. (a) Tafel plots of HOR/HER in 20 m LiTFSI (99.95%), 20 m LiTFESI (98%), and 16 m KOAc + 4 m LiOAc at a rotation speed of 2500
rpm after correction for H, mass-transport overpotential. (b) Tafel plots of HER in the above electrolytes with further faradaic efficiency correction
and derived kinetic parameters including transfer coefficient, @, and exchange current density, i,, accordingly. (c) H, collection experiments on Pt—
Pt RRDE in Ar-sat. 22.2 m LiNO; at 35 °C. (d) Mass change recorded on a Pt electrochemical quartz microbalance electrode in 20 m LiTFSI
(98%) and 20 m LiTFSI (99.95%) when switching potential between —0.2 and —0.4 V vs RHE and RHE, each potential being held for as long as
30 min. (e) CV scans of H, reduction and oxidation on Pt RDE at different rotation rates of 2500 rpm in H, sat. 20 m LiTFSI (99.95%), which was
found to have 0.05 mM Ag impurities, 20 m LiTFSI (98%), which was found to have 0.3 mM Ag impurities, 20 m LiTFSI (99.95%) with 0.25 mM
AgNO; intentionally added, 20 m LiTFSI (99.95%) with 0.13 mM AgClO, intentionally added, all recorded at 25 mV/s. (f) CV scans in 20 m
99.95% LiTFESI with WO; as the working electrode with the inset showing the Tafel analysis from steady-state current for HER on WOs.

Then, the mass variation on Pt was monitored in the a purity of 99.95% (5.5 + 0.01 ppb). In the 20 m concentrated
concentrated electrolytes. No reproducible changes in mass electrolytes, 0.05 mM Ag was thus in 99.95% LiTFSI and 0.3
were found for 20 m LiTFSI in purity of 98 and 99.95% at mM in 98% LiTFSI.

—0.2 V vs RHE (Figure 4d). When —0.4 V vs RHE was applied To test if Ag is contributing to the modulation of electrode
and then removed, the mass returned closer to the initial mass kinetics, we added extra 0.25 mM Ag in the form of AgNO; to
at RHE for 20 m 99.95% LiTFSL. This reversible mass 20 mL of 99.95% LiTFSI (which already contains 0.05 mM
accumulation aligns well with the findings of a prior study, Ag). A substantial suppression in the HER kinetics and a
which may be attributed to the adsorption of Li(H,0)™" on the significant passivation in the HOR region were observed. This
electrode surface.”” However, in 20 m of 98% LiTFS], is consistent with the results obtained from the Tafel analysis
additional irreversible mass accumulation was observed. If discussed previously, which indicate that the kinetics of the
the measurements were taken over a longer period (Figure hydrogen-oxidation reaction (HOR) branch are substantially
S10a), the mass increased by 2—3 ug/cm? after 3 h. The part suppressed in a 20 m concentration of LiTFSI with 98% purity.
of irreversible mass accumulation may be attributed to It is also consistent with the very slow HOR and HER kinetics
impurities present in the LiTFSI salt with a purity of 98%. for Ag.*"*”%° To assess the effect of concentration and anion,
X-ray photoelectron spectroscopy (XPS) measurements we also added 0.13 mM Ag in the form of AgCIO, to a 20 mL
(Figure S11) were conducted on the Pt/Ti quartz crystal of 99.95% LiTFSI and found even more severe effects on
following its exposure to LiTFSI in 98% yield, which revealed a electrode kinetics.
prominent signal from Ag on the surface. Consequently, we When a bias of 0.4 V vs RHE or even 1.4 V vs RHE was
performed inductively coupled plasma-mass spectrometry applied in 20 m LiTFSI (98%) for EQCM studies, no
(ICP-MS) measurements on both LiTFSI salts with purities reproducible changes in mass were found, suggesting the Ag

of 98% and 99.95% (Table S1). At a concentration of 1.5 g/L deposits are small in mass at the HOR branch. We did notice
of LiTFSI salt, the sample with a purity of 98% contained ~§ the QCM resonance frequency drifted more substantially in
times more Ag (32.2 + 0.01 ppb) compared to the sample with WIiSEs compared to typical electrolytes; this is likely due to the
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increased viscosity and thus substantially decreased quality
factor of the QCM resonator (Figure $9¢).>"** For 20 m
LiTES], the full-width-at-half-maximum in frequency of the
crystal conductance increases by ~7-fold compared to that in
0.1 M HCIO, and by ~85-fold compared to that in the air,
indicating a resulting uncertainty in finding the resonance
frequency in 20 m LiTFSIL

The cathodic mass deposition is consistent with the
hypothesis that the loss of faradaic efliciency of HER for
negative current is partially due to reversible adsorption of
Li(H,0)"* and extra adsorption/deposition of Ag impurity for
LiTFESI with 98% purity. It appears that the formation of SEI
from decomposition in the concentrated electrolyte did not
substantially occur over the potential region > —0.4 V vs RHE
investigated here, despite large effects on kinetics. We note this
range is somewhat more positive than the reported SEI
formation potential (<—0.8 V vs RHE) elsewhere.”” The
irreversible mass accumulation appeared to be more significant
in 16 m KOAc + 4 m LiOAc (Figure S10c), however, not
overpotential/bias-related when data was corrected with RHE
drifting as a reference (Figure S10d). This may be attributed to
the salt participation on the surface of the electrode as
previously reported in concentrated electrolytes,” which also
explains the continuous decrease in faradaic efficiency of HER
in 16 m KOAc + 4 m LiOAc from 0 to —0.3 V vs RHE.

Effects of Impurities on HER during Oxide Lithiation.
While the above data indicate that the HER/HOR kinetics are
substantially affected by impurities in WiSE electrolytes, for
example, Ag, it is useful to consider if they might also effect
related processes on negative-electrode materials.

As a model negative-electrode material, we use WOj; thin
films that we prepared via physical vapor deposition of 80 nm
of WO; onto FTO.””** WO; undergoes Li* insertion and
deinsertion while charging and discharging

WO, + xLit + xe” > LiWO, (10)

Voltammetry of WO5 in 20 m LiTFSI (99.95% purity) showed
reversible intercalation (Figure 4f). At more negative
potentials, the occurrence of HER as a side reaction becomes
apparent. A current—time transient was then captured by
applying a constant potential to the electrode (Figure S12). As
time progresses, the current reaches a small steady state,
consistent with the residual HER current. Taking the steady-
state (nominally HER) current as a function of electrode
potential, we used Tafel analysis to find i, of 1-3 X 107'° A/
cm?® for HER on WO, in both low- and high-purity LiTFS],
with the lower-purity salt yielding roughly half the HER
current at each potential.

It is known that Ag exhibits poor catalytic activity for both
HOR and HER due to its high hydrogen adsorption energies
of 0.3—0.4 eV (resulting in a greater energy requirement for
the detachment of hydrogen, so desorption limits the overall
rate) with exchange current densities of 1077-10"% A/cm? in
acidic and alkaline environments in contrast to Pt (exchan%e
current densities ranging from 107' to 107> A/ cm?). 0
Interestingly, WO, and MoO,, catalyze HER with an exchange
current density that is about one magnitude greater than Ag,49
consistent with the evident poising of HER kinetics on WO,
we observe here. We note that this experiment was not
completed with an RDE/RRDE, given the restrictions on easily
accessible disk materials, and thus, the quantification of
faradaic efficiency is not strictly accounted for. However, at
steady state, we expect the current to be dominated by HER
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over the potential region studied as the ion-insertion current
decays to zero at a given applied voltage.

B CONCLUSIONS

Careful measurements of HER activity in water-in-salt
electrolytes show multiple effects central to understanding
the expanded practical electrochemical window. Thermody-
namically, increasing the concentration from dilute to the
solubility limit does not significantly increase the electrolyte-
stability window, while the equilibrium potential for HER does
move positively or negatively by tens to hundreds of mV due
to the different pH of the electrolytes. The pH effect depends
on the concentration and components of the electrolytes.
Kinetically, the activity of HER is suppressed in WiSEs even
without SEI formation, which, in part, is likely due to the
formation of pH gradients and lack of buffering species.
Concentration, electrolyte composition, and salt impurities all
further influence the kinetics. When comparing 20 m LiTFSI at
purities of 98 and 99.95%, the impurities reduce by 8 times i,
for the HER on a Pt disk. In addition, i, for HER on Pt in 20 m
LiTESI in 98% is 32 times lower than that in 1 m. SEI
generation on negative electrodes in WiSEs has been the topic
of numerous studies,”*”*° however, without consideration of
electrolyte impurities. These findings suggest that further
performance engineering can take advantage of these effects,
like in nonaqueous battery electrolytes, by using controlled
additives in the electrolyte to build the SEI as opposed to
relying on unknown impurities in the salt.>> A key new
impurity identified was Ag, although additional trace transition
metals or other impurities are likely.

It is also useful to discuss our findings in the context of
previous conclusions in the literature. It is frequently stated
that the onset potential/cathodic limit for HER in concen-
trated and diluted electrolytes are similar or the same.*” Our
results suggest that the “seemingly unchanged” onset potential
for HER in many cases may be due to a combination of
positive shifts from liquid junction potentials” and proton
activity increase in WiSEs, along with a counteracting negative
shift from the much slower kinetics. All of these effects are
likely to be modulated by the local environment, such as when
different electrodes or various WiSEs are used. Given that
kinetics typically increase exponentially with temperature,
while thermodynamic parameters have a much weaker
dependence, our findings are also consistent with observations
that WiSE-based batteries have inferior temperature stability
and that the rates of parasitic processes like HER increase at
higher temperatures.*®

The approach developed here, combining different measure-
ments to understand how transport, kinetics, and thermody-
namics together modulate rates of interface electrochemical
processes in electrolytes, and thus the practically relevant
electrolyte-stability window, is of broad utility in understanding
fundamental aspects of, and design rules for, advanced aqueous
electrolytes more broadly. Beyond battery applications, the
reported understanding of WiSEs and related advanced
electrolytes may be of substantial interest to fields like
electrochemical CO, and N, reduction, where the HER is
also a parasitic reaction and precise interface microenviron-
ment control is key to progress.”>***’~%
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