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Realizing the Kinetic Origin of Hydrogen Evolution for

Aqueous Zinc Metal Batteries

Ashutosh Rana, Kingshuk Roy, Joseph N Heil, James H. Nguyen, Christophe Renault,

Brian M. Tackett,* and Jeffrey E. Dick*

The commercialization of zinc metal batteries (ZMBs) for large-scale energy
storage is hindered by challenges such as dendrite formation, the hydrogen
evolution reaction (HER), and passivation/corrosion, which lead to poor
stability of zinc metal anodes. HER is a primary contributor to this instability,
and despite efforts to enhance ZMB cyclability, a significant knowledge

gap remains regarding the origin of HER in these systems. Prior works, based
primarily on theoretical calculations with minimal experimental support,
suggest that HER originates from Zn?*-solvated water. For the first time, by
employing scanning electrochemical microscopy (SECM), and electrochemical
mass spectrometry (ECMS), in real-time the inherently intertwined nature of Zn
electrodeposition and H, liberation is revealed, both exhibiting the same onset
potential in voltammetry. The findings show that water molecules surrounding
Zn?** ions undergo reduction simultaneously during Zn?* deposition.
Additionally, ECMS conducted under chronopotentiometric/galvanostatic
conditions at battery-relevant current densities elucidates why elevated
electrolyte concentrations enhance the prolonged cyclability of ZMBs.
Understanding the origin of HER opens avenues for developing
high-performance, reliable aqueous ZMBs, addressing key challenges

in their commercialization and advancing their technological capabilities.

1. Introduction

Aqueous zinc metal batteries (AZMBs) are emerging as promis-
ing alternatives for high-capacity energy storage as opposed to
the state of art lithium-ion batteries, owing to their high specific

capacity, low redox potential (—0.76 V vs
SHE), affordability, water compatibility,
and safety""* The commonly used elec-
trolytes for reversible Zn metal batteries
involve the use of mildly acidic aqueous
electrolytes, within a pH range of 3-7
as opposed to strongly acidic or alkaline
alternatives due to formation of severe
corrosion products impeding the long
term cyclability of batteries).>%! Despite
the numerous advantages offered by
Zn, significant challenges arise from
the intrinsic thermodynamic instability
of Zn metal anodes in such electrolytic
environments, impeding the commer-
cialization of these batteries.”®] These
challenges involve the thermodynami-
cally more favorable hydrogen evolution
reaction (HER) occurring during the
battery charging (electrodeposition of
Zn), resulting in an increased concen-
tration of hydroxide ions (OH™).>%3
This promotes Zn corrosion and the
formation of a ZnO passivation layer,
ultimately leading to uneven Zn?**
flux distribution and dendrite growth,
which are detrimental to the long-term cyclability of the
battery.!''1417] Tt is important to realize that these drawbacks
are often strongly correlated with each other and can trigger
one another. The current state-of-the-art research extensively
focuses on exploring electrolyte formulations, modifying current
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collectors, and adjusting separator chemistry to alleviate the
mentioned drawbacks and achieve ultra-stable Zn metal
batteries.[*18-24] These investigations recognize that suppressing
the HER by modulating electrolyte formulation through the use
of additives, co-solvents, etc., is often the most promising way
to achieve stable Zn batteries.['*?225-27] This strongly indicates
the critical role of the fundamental structures (solvation matrix
of zinc ion, H-bond network of water, etc.) within electrolytes
in suppressing HER and governing the overall stability of
batteries.[*192829]

While significant effort has been made to realize the effective-
ness of suppressing HER in enhancing the overall performance
of the battery, there is a need for an in- depth understanding of
HER, which is the prime focus of this work. To elucidate the ori-
gin of HER, we first examine the structure of the commonly used
mildly acidic electrolytes in reversible AZMBs. These electrolytes
typically involve the use of Zn salts such as ZnCl,, ZnSO,, and
Zn(OTf),, without any modifications like additives or co-solvents.
Given that the equilibrium potential of Zn**/Zn (—0.76 V vs
SHE) is lower than that of H*/H, (0 V vs SHE) across the en-
tire pH range, the coexistence of Zn and H,O is thermodynami-
cally unstable. This instability means that these components will
spontaneously react, releasing hydrogen.[*3] This HER pathway
is predominantly active under rest conditions, when no bias is
applied to the battery, making it a common mechanism for self-
discharge in Zn-metal batteries. The following discussion also
applies to any bias-mediated (application of current/voltage) evo-
lution of hydrogen gas.

In an aqueous Zn salt solution, Zn ions exist as solvated wa-
ter complexes in either octahedral or tetrahedral geometries.[1]
The water molecules that directly or indirectly participate in the
solvation of the Zn-H,O complex are termed “solvated water”
molecules.?32 Additionally, there are water molecules not in-
volved in any coordination activity with the Zn** ion, referred to
as “free water” molecules.**°] Currently, two models exist to un-
derstand the origin of HER during charging in AZMBs. The first
model describes HER as being promoted by Zn**-solvated water
in the Zn?* solvation shell.[2830.3334 Theoretical calculations in-
dicate that the interaction between H,0 and Zn?>* weakens the
O—H bond and lowers the lowest unoccupied molecular orbital
(LUMO) energy of water, making the Zn?*-solvated water easier
to deprotonate.[3*3*] The second model suggests that reducing
free water activity can lessen the transport of protons, thereby
enhancing the overall stability of the zinc anode.’-3%! Although
these findings underscored the critical role of the electrolyte’s lo-
cal structure in influencing HER, the precise mechanism gov-
erning water activity remained elusive. A schematic represen-
tation of the currently existing mechanisms for origin of HER
during Zn metal electrodeposition (charging phase) is shown in
Figure 1, where the electrodeposition of Zn on the current col-
lector is accompanied by the evolution of hydrogen gas, either
from “solvated water” molecules or “free water” molecules—a
phenomenon that is not clearly understood.

A significant amount of work has been dedicated in the field of
AZMB to understand the kinetic origin of HER during zinc elec-
trodeposition. The models discussed earlier are derived primar-
ily from theoretical calculations, with few experimental insights
utilizing voltammetry that are truly backing up the proposed
models.333+40-42] Most of these studies focus on understanding
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Figure 1. Schematic illustration of the ongoing reaction pathways during
Zn metal electrodeposition, emphasizing the knowledge gaps in the cur-
rent state-of-the-art. The abbreviation Cu CC stands for copper current col-
lector.

HER activity under galvanostatic conditions, which are relevant
to the cycling of batteries. These studies involve in-situ moni-
toring of the generated gas using techniques such as Differen-
tial Electrochemical Mass Spectrometry (DEMS) or spectroscopy,
along with theoretical calculations and molecular dynamics.[*344]
It is important to realize that HER occurs as a parasitic compet-
ing reaction with electrodeposition. Therefore, applying a con-
stant current will facilitate both HER and electrodeposition, offer-
ing no meaningful insights into the rate constant or mechanism
of the reaction. Although these studies provide valuable insights
into the dynamic evolution of the interfacial solvation structure,
as shown by Yu et al.,[*! a voltammetry-based understanding cou-
pled with an in-situ technique with high temporal resolution to
monitor HER activity is missing and will significantly contribute
to the development of high-performing AZMBs. To the best of
our knowledge, no experimental evidence for higher acidity of
solvated water or the true onset potential of the HER during zinc
electrodeposition has ever been reported. In this work, we delve
into understanding the kinetic origin of HER using fundamental
electrochemistry and in situ real-time measurements. Cyclic and
linear sweep voltammetry, employing scanning electrochemical
microscopy (SECM) and in situ electrochemical mass spectrom-
etry (ECMS), reveal that the electrodeposition of Zn is strongly
coupled with HER, both exhibiting the same onset potentials in
the presence of varying concentrations of Zn salt. This finding
has never been reported previously. Moreover, in-situ ECMS per-
formed under chronopotentiometric/galvanostatic conditions at
battery-relevant current densities allows us to understand why
high-concentration electrolytes perform better, leading to the
long-term stability of the anode. Overall, this work enables us to
obtain mechanistic insights into the various pathways through
which charge flows during the charging phase of a Zn metal
battery.

2. Results and Discussion

In the field of Zn metal batteries, voltammetry is routinely used
to screen electrolyte additives, perform Tafel analysis to extract
corrosion current and potential, determine the electrochemical
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Figure 2. a) Linear sweep voltammogram for the electrodeposition of Zn
at a scan rate of 10 mV s~ using a Cu disk electrode (1 mm dia.) as the
working electrode, Zn foil as the counter electrode, and Ag/AgClin 1 M
KCl as the reference electrode, with aqueous 1 M ZnCl, as the electrolyte.
Real-time bright-field optical micrographs of the electrodeposited Zn are
shown on the voltammetric trace. b) Control experiments marking the on-
set of HER activity on Cu and Zn substrates in a three-electrode setup at a
scan rate of 10 mV s™1. The working electrode consists of a Cu/Zn disk, Pt
wire serves as the counter electrode, and Ag/AgCl in 1 M KCl acts as the
reference electrode, with 1 M KCl as the electrolyte.

window of the electrolyte, identify the onset of HER, and under-
stand/visualize the nature of electrodeposition during Zn metal
electrodeposition.l*?] These experiments provide detailed in-
sights into the various processes occurring during the electrode-
position of Zn. However, there is an aspect of these voltammet-
ric experiments that is often overlooked during the electrodepo-
sition of Zn, i.e., the coupled nature of HER and electrodeposi-
tion. Figure 2a shows a typical voltammogram recorded during
the electrodeposition of Zn in a three-electrode setup with a Cu
disk (1 mm dia.) as the working electrode, Zn foil as the counter
electrode, and Ag/AgCl in 1 M KCl as the reference electrode,
with 1 M ZnCl, as the electrolyte. Throughout this work, we use
ZnCl, as the electrolyte for all the experiments as it is one of
the most commonly used electrolytes in the field. Linear sweep
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voltammetry was performed at a scan rate of 10 mV s, starting

from an initial potential of —0.8 V to a final potential of —1.6 V
versus Ag/AgCl (see arrow for scan direction). Throughout the
voltammetric sweep, bright field optical micrographs were simul-
taneously recorded of the Cu disk to visualize the morphology
of electrodeposited Zn and the presence of the HER. The onset
of Zn electrodeposition was observed at —1.07 V (indicated by
the dashed line in (Figure 2a), representing the nucleation over-
potential for the deposition of Zn on a copper substrate. As the
voltage is swept to a more negative potential, there is an exponen-
tial rise in the measured current surge. This indicates that elec-
trodeposition is initially purely kinetically controlled, followed by
a switch in reaction kinetics from being limited by kinetics to
diffusion, a known trigger for dendrite formation.?***! Through-
out this entire process, the morphology of Zn constantly evolves
from smooth, homogenous deposition to non-uniform, dendritic
deposition, as depicted by the micrographs in Figure 2a. It is im-
portant to note that during the entire course of morphological
evolution, substantial HER activity is also discernible, worsening
as the voltage sweep reaches more negative potentials (marked
by red dotted circles in the micrographs in Figure 2a). For an en-
larged view, refer to Movie S1 and Figure Sla (Supporting Infor-
mation), which illustrates the side-by-side morphological evolu-
tion of Zn, HER activity at the electrode-electrolyte interface, and
the voltammetric response.

This observation strongly suggests a coupled nature of HER
and Zn electrodeposition, which is expected based on the for-
mal reduction potentials of the two species.[*] We conducted con-
trol experiments to understand the onset of HER in the absence
of any Zn salt on Cu and Zn substrates. A similar voltamme-
try experiment, as discussed earlier, was performed on a three-
electrode setup and a scan rate of 10 mV s™! with a Cu/Zn foil
as the working electrode, Pt wire as the counter electrode, and
Ag/AgClin 1 M KClI as the reference electrode, with 1 M KCl as
the electrolyte. Figure 2b shows the voltammogram for the on-
set of HER activity on Zn and Cu substrates (Aq. 1 M KCl as
electrolyte) in the absence of any Zn salt, with an onset poten-
tial for HER on Cu and Zn substrates around —1.5 and -1.7 V
versus Ag/AgCl, respectively (baseline for onset of HER was set
to 0.25 mA, see Figure S1b, Supporting Information). This value
is consistent with values reported in the literature for a similar
experimental setup.!*}] Differences in the nature of the substrate
can alter the active sites and the relative affinity/electrocatalytic
activity towards HER.[*) This difference might lead to a varying
onset potential for HER on Zn and Cu substrates. Note that the
control experimental condition does not represent the reduction
of “free water” molecules but rather the reduction of K* coor-
dinated water molecules.[¥’] HER activity is observed at a more
negative potential because the electrodeposition of K* requires a
much more negative electrode potential. This potential surpasses
the electrochemical stability window of the aqueous electrolyte,
leading to HER activity before K* can deposit. These onset poten-
tials are intriguing as in the presence of Zn salt, a notable amount
of HER was observed at a milder, more positive potential (-1.2 V
vs Ag/AgCl) than the expected values from control experiments.

In the literature, studies often compare voltammetry with zinc-
containing salts to those with different cations (such as K* or Na*
instead of Zn?*), as shown in Figure 2b, to understand HER ac-
tivity in the absence of electrodeposition of zinc. However, later
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Figure 3. Schematic representation of SECM experiments for a) calibration in 1 mM ferrocene methanol to obtain an approach curve for positive feedback
using a conducting Zn substrate, and b) probing the onset of the hydrogen evolution reaction during electrodeposition of Zn on a Zn substrate. Panels
c) and d) depict the current response at the substrate (is,) and tip (ir;p) as voltage biases are applied. The potential at the substrate (E,,) was scanned
from an initial potential of —=1.05 V to —1.3 V and back to —1.05 V versus Ag/AgCl at a scan rate of 50 mV s~'. The Pt tip, positioned 15 um from the
Zn substrate, was held at a potential of +0.1V versus Ag/AgCl (Ey;;). €) Linear sweep voltammograms recorded on ECMS setup in a 3-electrode setup
with 500 mM ZnCl, as the electrolyte. Two x-axes are presented: the top represents the applied voltage ramp, and the bottom represents the time scale
of the experiment. b) Real-time dynamics of evolved hydrogen at the working electrode versus time during the application of the voltage ramp.

in this work, we show that this approach is not ideal and can
lead to incorrect conclusions. The polarization curve shown in
Figure 2a has unknown contributions from both HER and elec-
trodeposition. Itis important to note that the exact onset potential
of HER in the presence of Zn salt is not readily understandable
and straightforward to interpret as it is convoluted with electrode-
position. The potential, —1.2 V versus Ag/AgCl for the observa-
tion of HER activity is only based on optical observation and is not
quantifiable. At this point we can ask a crucial question about the
system: Is it plausible that the onset of HER occurs much earlier
or perhaps coincides with the onset of electrodeposition?
Scanning electrochemical microscopy (SECM) was performed
employing a positive feedback mode to gain insights into the cou-
pled nature of Zn electrodeposition and HER. The experimen-
tal setup is shown in Figure S2 (Supporting Information), where
a conducting Zn substrate served as the first working electrode
(1 mm diameter), and a 5 um radius Pt SECM tip served as the
second working electrode, with a Pt wire counter electrode and
Ag/AgClin 1 M KCl as the reference electrode. Before initiating
any Zn electrodeposition, the system was accurately calibrated
using a Aq. 1 mM ferrocene methanol (FeMeOH) electrolyte so-
lution. A typical cyclic voltammogram for 1 mM FeMeOH on
a Pt ultramicroelectrode (5 pm radius) as working electrode, Pt
counter electrode, and Ag/AgClin 1 M KCl reference is presented
in Figure S3 (Supporting Information). The voltammogram illus-
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trates that +0.5 V versus Ag/AgCl represents a diffusion-limited
potential, at which a steady state current of 1.5 nA is observed
for the oxidation of Fe** — Fe?*.[*] As shown in Figure S3 (Sup-
porting Information), a bipotentiostat was employed to simulta-
neously control the potential of both the tip and substrate, allow-
ing us to approach the tip using piezo controllers towards the
Zn substrate simultaneously. Figure 3a illustrates a schematic for
the calibration experiment using 1 mM FeMeOH to obtain an ap-
proach curve shown in Figure S4 (Supporting Information). The
tip was held at a potential of +0.5 V, while the Zn substrate was
maintained at 0 V. These potentials were selected based on the
voltammetry presented in Figure S3 (Supporting Information),
ensuring that Fe* is oxidized to Fe** and Fe?* is reduced to Fe?*
under diffusion-limited conditions at the tip and substrate, re-
spectively. It is noteworthy that when the tip is far from the sub-
strate, no redox activity occurs at the substrate.

This is because we start with 100% of the reduced form (Fe?*):
and a current equaling the limiting current (i ) is observed at
the tip, corresponding to the steady state in Figure S3 (Support-
ing Information). As the potential was applied to the substrate
and the tip, the tip current (ir;,) was continuously monitored as
the tip approached the substrate. A plot of the tip current as a
function of tip-substrate distance (d) is commonly referred to
as an “approach curve”, providing information about the nature
of the substrate and the distance between the tip and substrate.
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Working with a conducting Zn substrate, the tip current is ex-
pected to increase as the tip approaches, driven by a feedback
loop, as shown in Figure 3a. The approach curve for the calibra-
tion experiment is shown in Figure S4 (Supporting Information),
which is represented in the form i, /i ., versus d/a (where a
is the radius of the electrode), and is independent of the size of
tip, diffusion coefficient, and solute concentration. This allows
us to fit the approach curve to an analytical numerical approxi-
mation for a conducting substrate, which is shown in Equation 1
below.[*¢]

I (L) = 0.68 +0.78377/L + 0.3315exp (—1.0672/I) (1)

where I (L) represents iy, /i ., and L represent the d/a. This
analysis enables us to calculate the distance between the sub-
strate and tip as 15 um at the end of the approach of the Pt tip.
Note that this distance is comparable to the size of the electrode
and the size of the diffusion layer developed at the UME, allowing
us to observe positive feedback with the Zn substrate.

After obtaining an approach curve with positive feedback
from the conducting substrate and calculating the distance be-
tween the substrate (15 pm), the electrolyte solution was care-
fully swapped with 10 mM ZnCl,. A low concentration of Zn salt
was intentionally chosen to avoid the tip crashing onto the sub-
strate during Zn electrodeposition. As shown in in Figure 3b,
the potential at the substrate (Eg,,) was scanned from an ini-
tial potential of —1.05 V to —1.3 V and back to —1.05 V versus
Ag/AgCl at a scan rate of 50 mV s~'. Scanning the potential in
this manner facilitates the deposition of Zn on the surface of the
Zn substrate, along with the liberation of hydrogen gas, as noted
in the earlier discussion (Figure 2a). The Pt tip, positioned at a
distance of 15 pm from the Zn substate, was held at a potential
of +0.1 V versus Ag/AgCl (Ey,), providing a sufficient overpoten-
tial to drive only the oxidation of only the liberated hydrogen gas.
Note that at this potential, electrodeposition of Zn on the Pt UME
cannot occur, and any observed tip current is solely due to the
oxidation of released hydrogen from the Zn substrate.[*! Figure
S5 (Supporting Information) displays a linear sweep voltammo-
gram for the deposition of Zn on a Pt UME working electrode
with an Ag/AgCl counter/reference electrode. It is evident that
a potential of —1.22 V versus Ag/AgCl represents the minimum
overpotential needed to electrodeposit Zn on Pt, which is suffi-
ciently more negative than the potential at which the tip is held
(+0.1 V versus Ag/AgCl) to oxidize liberated hydrogen. It is es-
sential to note that this observation can only be made if the tip
is positioned sufficiently close to the Zn substrate, which is con-
firmed in this case by the calibration experiment revealing posi-
tive feedback from the substrate at a working distance of 15 um
between the tip and substrate. Figure 3c and d show the current
response at the substrate and tip as voltage biases are applied. The
onset of Zn electrodeposition on the Zn substrate was observed
at —1.13 V. Prior to that, i.e., between —1.05 V and —-1.13 V, a
baseline current (onset baseline: 5 yA) was observed, indicating
no electrodeposition of Zn. Sweeping beyond —1.13 V led to a
dramatic increase in current as a result of Zn deposition. The
Pt tip enables us to probe the real-time liberation of hydrogen
from the Zn substrate, allowing us to understand the true onset
potential of HER during electrodeposition, which was not cap-
tured in the optical microscopy observations earlier. As depicted
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in Figure 3d, the onset current for oxidation of liberated hydro-
gen the Pt tip was observed to directly coincide with the onset
of electrodeposition, confirming earlier speculations. Moreover,
the results were found to be similar for other zinc counter anions
like ZnSO, and Zn(OTf), (Figure S6, Supporting Information).
Note that in SECM, we can only probe the HER activity confined
to the diffusion layer created at the Pt tip and not the overall sub-
strate. However, this observation provides strong evidence for the
inherently intertwined nature of Zn electrodeposition and the lib-
eration of H,, both exhibiting the same onset potential. To the
best of our knowledge, this observation has not been previously
reported.

While SECM experiments provide meaningful insights into
the system, obtaining quantitative information about HER on
the entire Zn substrate requires measuring the total HER as
a function of the substrate voltage. The SECM measurements
alone cannot provide this information and require complex sim-
ulations with assumptions like homogeneous reactions on the
overall Zn substrate, absence of corrosion, etc. To avoid these
complexities, we have chosen to use in-situ electrochemical mass
spectrometry (ECMS) measurements under similar voltammet-
ric conditions to independently validate the observed onset poten-
tial for HER and electrodeposition using SECM. This approach
also allows us to quantify the total amount of hydrogen gas
evolved on the entire electrode surface, a parameter not accessi-
ble using SECM alone. We recently demonstrated ECMS as a plat-
form for in-situ monitoring of HER in real-time during Zn elec-
trodeposition to quantify the faradaic efficiency of HER.*I The
same experimental setup was used as detailed in our previously
reported work. Electrochemical measurements were performed
using a 3-electrode setup, with a Cu disk as the working electrode
(area ~ 0.196 cm?), a Pt wire counter electrode, and an Ag/AgCl
electrode in 3.4 M KCl solution serving as the reference electrode.
Figure 3e depicts a linear sweep voltammogram recorded at a
scan rate of 3 mV s, ranging from an initial potential of —0.2 V
to —1 V versus Ag/AgCl, with 500 mM ZnCl, as the electrolyte.
The onset of deposition was observed at —0.77 V versus Ag/AgCl,
determined by considering 1 uA of current above the baseline cur-
rent. Prior to the deposition of Zn in Figure 3e, two small peaks
can be observed (see Figure S7, Supporting Information for an
enlarged figure), which occur due to the stripping of the CuO
film to metallic Cu electrode.[*®*)] This electrochemical conver-
sion prior to deposition is widely observed in both aqueous Zn
batteries and non-aqueous lithium-ion batteries. Throughout the
entire voltammetric sweep, the ECMS setup continuously regis-
ters any liberated hydrogen from the overall surface of the work-
ing electrode, unlike SECM experiments, which were limited to
diffusion layer developed at the Pt tip. Moreover, it is important
to note that the ECMS inlet, placed 100 um away from the work-
ing electrode, instantly registers any liberated hydrogen with a
collection efficiency of ~#100%.3% As shown in Figure 2e, the
ECMS signal for HER was observed exactly at the onset potential
for Zn electrodeposition, validating our SECM results. Similar
results were observed for other zinc counter anions like ZnSO,
and Zn(OTf), utilizing ECMS, as shown in Figure S8 (Support-
ing Information). Moreover, it is crucial to note that electrodepo-
sition is a substrate-dependent phenomenon. SECM and ECMS
demonstrate the coupled nature of HER and electrodeposition on
both Zn and Cu substrates, indicating that this phenomenon is
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independent of the substrate material. Additionally, Figures S6
and S8 (Supporting Information) demonstrate the generalizabil-
ity of the results presented in this work in the context of the tied
onset potentials for HER and zinc electrodeposition. These find-
ings were consistent across all the conventionally used zinc salts,
i.e., ZnCl,, ZnSO,, and Zn(OTf),, for mildly acidic aqueous zinc
metal batteries.

A closer look at Figure 3c and e reveals that varying concentra-
tions of Zn salt (10 mM and 300 mM ZnCl, in SECM vs ECMS)
leads to different onset potentials for Zn electrodeposition. How-
ever, the trend suggests that increasing the concentration of Zn
salt makes the onset potential more positive versus the reference
electrode, i.e., the nucleation overpotential shifts to a more pos-
itive value. The observation can be explained using the Nernst
equation, as mentioned below (Equation 2), for the electrodepo-
sition of (Zn (Zn** + 2e~ = Zn?)).[4¢]

E=F + (%) In [a,] 2

Here, E° represents the standard reduction potential
for Zn electrodeposition, R is the universal gas constant
(8.314 k] mol™"), F is Faraday’s constant (96485 C mol™), n is
the number of electrons transferred (two electrons transfer for
Zn electrodeposition), and a,,,. represents the activity of Zn?*
ions. It is evident from the above equation that an increase in
the activity of Zn?* or an increase in the concentration of Zn?*
makes the overall potential more positive. The effect of the con-
centration of Zn salt on the onset potentials for Zn deposition
and HER is shown in Figure 4 using ECMS. The voltammo-
grams shown in Figure 4a display a shift in onset potential
to a more positive value for the electrodeposition of Zn, with
nucleation overpotential values measured at —810 mV, —650 mV,
and —610 mV versus Ag/AgCl for 200 mM, 1 M, and 3 M ZnCl,,
respectively. The onset potential observed for the case of 500 mM
ZnCl, (710 mV) in Figure 3e also aligns with the overall trend.
Surprisingly, the onset potential of HER activity was also found
to shift to a more positive value, precisely coinciding with the
onset of Zn electrodeposition despite its shift due to the change
in concentration (See Figure 4b and 4c). Previous studies have
correlated this positive shift, especially in the case of water-in-salt
electrolytes (vide infra), in the onset potential of deposition with
a widened difference between the onset of HER in “control”
experiments (Figure 2b) and zinc electrodeposition, suggesting
it is the reason for suppressed HER during battery cycling
conditions.[** Based on the findings presented thus far, HER
and zinc electrodeposition do not occur independently; their
onset potentials are intertwined. Therefore, comparing control
experiments involving similar salt compositions by substituting
the cation (e.g., KCI/NaCl for control and ZnCl, for test) to
observe HER activity is not equivalent to assessing HER activity
in the presence of zinc salt. Therefore, to truly understand
the nature of HER, it is essential to monitor its in-situ gener-
ation as the voltage ramp is applied, as demonstrated in this
work.

These findings further support our earlier speculation about
the coupled nature of HER and Zn electrodeposition, both ex-
hibiting the same onset potential. Additonally it is important to
note that in the ECMS experiments performed to probe/quantify
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Figure 4. In situ electrochemical mass spectrometry data for the elec-
trodeposition of Zn on Cu substrate using voltammetry in a three-
electrode setup as a function of the concentration of ZnCl, in the elec-
trolyte. a) Linear sweep voltammograms recorded with blue, pink, and pur-
ple representing 200 mM, 1M, and 3 M ZnCl,, respectively. Two x-axes are
presented: the top represents the applied voltage ramp, and the bottom
represents the time scale of the experiment. A baseline current of 1 uA
was chosen to determine the onset potential. b) Real-time dynamics of
evolved hydrogen at the working electrode versus time during the applica-
tion of the voltage ramp. c) Voltage ramp as a function of time, indicating
the onset activities of HER and electrodeposition for all the cases.

the evolved H,, the system essentially registers H, flux as current,
which is then converted based on the calibration factor of the in-
strument. Figure S9 (Supporting Information) shows the ECMS
current response for the total evolved hydrogen on the working
electrode on the same time scale as Figure 4.
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Figure 5. a) Schematicillustration depicting the kinetic origin of HER during electrodeposition in a voltammetric sweep, emphasizing that HER primarily
originates from solvated water. b) Different pathways for the flow of charge during the charging of a Zn metal battery. In-situ electrochemical mass
spectrometry data illustrating the electrodeposition of Zn on a Cu substrate using potentiometry in a three-electrode setup, with a focus on the influence
of ZnCl, concentration in the electrolyte. c) Displays potential versus time, and d) shows the corresponding hydrogen flux as registered by ECMS for
control experiments without any Zn salt. e) and f) present potential versus time and hydrogen flux using ECMS, respectively, for different concentrations
of Zn salt (0.2 M, 0.5 M, and 1 M ZnCl,, denoted by pink, green, and navy, respectively).

We can now propose a mechanism for the observed HER
activity in the system during voltammetry. To understand this,
we begin by examining the various processes occurring during
electrodeposition, including the diffusion of solvated Zn** ions
from the bulk to the electrode-electrolyte interface, followed by
desolvation of water molecules in the electrochemical double
layer, and electron transfer to form Zn nuclei on the electrode
substrate. Alongside these processes, some applied bias (volt-
age/current) may lead to other side reactions, such as the evo-
lution of hydrogen gas and the formation of a passivation film.
The coupled nature of HER and Zn electrodeposition suggests
two possible pathways for the observed HER activity: First, the
decomposition of solvated water molecules to liberate H, gas,
as opposed to free water molecules. Secondly, HER originating
not from the coordinated water molecules to the Zn?* ion itself,
but after Zn ions are deposited onto the electrode. Thus, the ac-
tivated form of this is not an ion-coordinated state but a free wa-
ter state. Considering the observation of coinciding onset poten-
tials, it is highly likely that the first pathway is true. The second
pathway would involve a time scale difference between the ob-
served electrodeposition and HER activity, which is not observed
in the experimental results. Therefore, we propose that during
the diffusion of solvated Zn molecules, Zn?* ions bring along
solvated water molecules toward the electrode surface. These sol-
vated water molecules undergo reduction to liberate hydrogen
gas simultaneously with the deposition of Zn, occurring on the
same timescale. Figure 5a shows a schematic illustrating the ki-
netic origin of HER during voltammetry experiments based on
the proposed pathway. Previous reports have shown a dominant
role of solvated water based on first-principle calculations, at-
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tributing this to the higher acidity of solvated water molecules.34]

This is due to the polarizing effect of Zn?* cations, which weaken
the O—H bonds of water molecules. However, to the best of our
knowledge, no experimental validation of this phenomenon in
real-time has ever been reported.>®! In essence, the key finding
here is that HER activity occurs at the same onset potential as the
electrodeposition of zinc, which is only possible if solvated water
is reduced along with zinc ions giving rise to the observed HER
in the system. However, we must admit that obtaining quanti-
tative insight to further verify the proposed mechanism using
electrochemical measurements is extremely challenging. This
necessitates the use of alternative techniques, such as compu-
tational electrochemistry, potential-dependent first-principle cal-
culations, etc. to further delineate the proposed hypothesis.

At this point, we can parse out possible pathways through
which charges can flow during the application of voltage/current,
as shown in Figure 5b. Considering the several orders of magni-
tude difference in the observed current (>pA for HER versus mA
for the reduction of Zn in Figure 4; Figure S9, Supporting In-
formation), it indicates that electrodeposition via pathway (i) in
Figure 5b is more favorable compared to HER originating from
solvated water. It is worth noting that accessing these pathways
depends on the nature of the bias, i.e., the application of current
and voltage during an experiment. There is a clear distinction
in the system’s response based on the nature of the bias (volt-
age ramp/galvanostatic conditions). When a voltage ramp is ap-
plied, the system can only access pathways that are kinetically
accessible, depending on the applied voltage and concentrations
of species near the electrode surface. Under the application of
a current bias (chronopotentiometric/galvanostatic conditions),
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which is more representative of the operational conditions of bat-
teries, the system can access any of the pathways. This is because
the application of a current bias essentially equates to fixing the
rate of the overall process, making all pathways accessible. How-
ever, the total charge is not equally distributed but depends on
onset potentials based on voltammetry experiments. These differ-
ences are crucial, and one needs to be cautious while interpreting
experimental results and bridging the findings of voltammetry
and potentiometry.

In literature, there is a well-established and understood con-
sensus that elevating the concentration of Zn salt enhances the
cyclability of Zn metal batteries during galvanostatic charge and
discharge cycles.>'=%l It has been reported that increasing the
concentration of zinc ions reduces the amount of solvated wa-
ter in the electrolyte matrix.l’’] However, this finding may seem
counterintuitive when considering earlier ECMS findings using
voltammetry, where an earlier onset of HER and deposition was
observed with increasing salt concentration. To delve deeper into
the understanding of the HER and electrodeposition under bat-
tery cycling conditions, chronopotentiometry was conducted at
current densities relevant to battery operation, as illustrated in
Figure 5c—f. For the following experiments, a constant reduc-
tion current density of 1 mA cm™ for 100 s, fixing a capacity of
0.02 mAh cm~2. Initially, a control experiment was conducted in
the absence of any Zn (with 100 mM KCl as the electrolyte), as
depicted in Figure 5c and d. The potential versus time response
(Figure 5¢) illustrates a stable potential of —1.4 V under the ap-
plied current. The observed stable potential aligns with the on-
set potential for HER on a Cu substrate, as demonstrated in a
control experiment earlier in Figure 2b. It’s important to note
that in the absence of Zn salt, #100% of the charge is utilized
for HER, assuming there are no other competing pathways like
oxygen evolution reaction, etc. The flux of evolved hydrogen, as
registered using ECMS, is presented in Figure 5d. An integra-
tion of the flux profile during the duration of the applied cur-
rent corresponds to 94 nmol of evolved hydrogen over the entire
process. Alternatively, assuming 100% faradaic efficiency for the
HER, one can theoretically calculate the total HER to be 104 nmol
(versus the measured 94 nmol), further supporting our assump-
tion of ~#100% faradaic efficiency for HER in the control experi-
ment. Figure 5e and f depict the potential versus time and ECMS
response for HER activity in the presence of varying concentra-
tions of Zn salt. It is essential to note that in the presence of Zn
salt, all the pathways shown in Figure 5b are accessible. Similar
to the control case a stable potential is observed in the presence
of Zn salt as shown in Figure 5 (), i.e.,, —1.05V, -=1.02V, -1V
versus Ag/AgCl for 0.2 M, 0.5 M and 1 M ZnCl,, respectively.
The integrated flux of evolved hydrogen for Figure 5f during the
duration of the applied current amounts to 327 pmol, 210 pmol,
and 92 pmol for 0.2 M, 0.5 M, and 1 M ZnCl,, respectively (see
Figure S10, Supporting Information).

Variations in current density resulted in differing deposition
overpotentials, with higher overpotentials showing maximum
HER over a fixed duration (Figure 5f). HER prevails during the
electrodeposition of zinc as a competing parasitic reaction, which
simultaneously releases OH™ ions at the electrolyte-electrode
interface.['*58] This process renders the interfacial pH more ba-
sic, triggering the formation of hydroxide hydrate side products.
At lower concentrations, initial HER rates are higher, potentially
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leading to a more basic interfacial pH and subsequent formation
of severe corrosion products. This explains the nature of ECMS
signals, where a peak is followed by a decline in hydrogen flux
recorded by the mass spectrometer. Conversely, at higher concen-
trations, initial HER rates are lower and sustained without rapid
decline, indicating minimal alteration of the interfacial pH. Over-
all, there are two key differences between the control and test ex-
periments. First, the stable potential measured in the absence of
Zn salt is more negative compared to the cases with varying con-
centrations of Zn salt. Second, the total amount of evolved hydro-
gen in the absence of Zn salt is three orders of magnitude higher
compared to the presence of Zn salt in the electrolyte. These find-
ings, along with voltammetry results, further elucidate the criti-
cal role of solvated water in the total observed HER activity. The
lower HER activity observed with increasing concentrations of
zinc salt in the electrolyte matrix supports the observation of re-
duced solvated water at higher concentrations. Despite the de-
creased amount of solvated water at elevated concentrations, the
earlier onset potential of HER shown in Figure 4 further sup-
ports the hypothesis that HER originates from solvated water,
even when its quantity is reduced in the solvation matrix at higher
concentrations. In voltammetry, the potential must still shift with
the zinc onset to a more positive value, as predicted by the Nernst
equation. This shift to a more positive value, as the concentration
of zinc salt increases in the electrolyte matrix, pulls the HER on-
set along with the deposition onset due to the intertwined nature
of zinc electrodeposition and HER arising from solvated water.

These results can also be explained on a fundamental
level by considering the kinetics (heterogenous rate constant,
ko/exchange current, iy) of the reaction pathways shown in
Figure 5b that dictate the proportion of charges flowing into
the accessible pathways. An intuitive way to understand this can
be explained as follows: If one were to send a cathodic current
through a system, the total current, i_,,, would be equal to the
sum of all cathodic currents that are possible (i.e., all molecules
that are willing to accept electrons). Equation 3 is a mathemati-
cal expression of the former sentence for cathodic reactions and
gives insights into pathway 1 of Figure 5b:[*¢]

iﬁ, tot — Z nFAk? [Cl (0} t) e—ufr, ] (3)

where i,,, is the total current or the sum of current form dif-
ferent pathways, n is the number of electrons transferred for
the i reaction pathway, F is the Faraday’s constant (96485
coulomb mol), A is the area of the electrode, k;, is the heteroge-
nous rate constant for the i* reaction pathway, C, , ) is the surface
concentration of oxidized specie in the i reaction pathway, « is
the transfer coefficient, fis F/RT (R is the universal gas constant
(8.314 k] mol™'), and T is the temperature), and 7 is the over-
potential associated with the i" reaction pathway. This equation
is significant because at a fundamental level it dictates the prob-
ability to whom an electron is transferred, and, assuming a =
0.5, suggests that this probability is proportional to the product
of the heterogeneous rate constant at the concentration of redox
species. In fact, this same argument has been used to solve the
200-year-old mechanism of the Voltaic Pile.l]

For the analysis, we make the following key assumptions:
We assume only two reaction pathways, i.e., electrodeposition
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Figure 6. a) Linear sweep voltammogram for the electrodeposition of Zn in 1m, 10m, and 20m ZnCl, at a scan rate of 10 mV s~ using a Cu disk
electrode (1 mm dia.) as the working electrode, Zn foil as the counter electrode, and Ag/AgCl in 1 M KCl as the reference electrode, with aqueous 1 M
ZnCl, as the electrolyte. Optical micrographs of the electrodeposited Zn at a cutoff current of 0.5 mA are shown on the top. b) Galvanostatic deposition
of zinc on Cu in a Cu|Zn asymmetric cells with the SEM images showing the morphology on the right. c) XRD spectra of on the electrodeposited samples

at varying concentration in (b).

of Zn and HER. We do not consider bias-driven SEI forma-
tion/corrosion and the evolution of electroactive surface area dur-
ing deposition. We assume that independently, the onset of Zn
deposition occurs at a similar overpotential as onset of HER
on the same electrode (based on Figures 3 and 4). From the
ECMS results shown for voltammetry (Figures 4 and S9), it was
evident that the magnitude of the observed current (>pA) for
HER versus mA for the reduction of Zn indicates that the het-
erogeneous rate constant for Zn electrodeposition (Keposiion")
is orders of magnitude higher than that for HER (kyz°). We
assume these heterogeneous rates to be constant during the
timescale of the experiment. Moreover, the number of electrons
(2e—) transferred is the same for both cases and concentra-
tions are similar, i.e., 0.2-1 M for Zn salt and 55.5 M for wa-
ter. This is likely the reason for the suppressed HER activity
in the presence of Zn salt, as opposed to the control experi-
ment (pmol vs nmol) shown in Figure 5c—f. The Equation 3
can now be simplified as Equation 4 based on our assumptions:

iC:tOi =K (kgeposition CZVI2+ + k?—IER CHz O) (4)

Where, K represents a constant term, and all constant terms
are absorbed into it. During the application of a constant current
in the system for a fixed duration of time, the system distributes
these among the two channels as shown in the above equation,
primarily passing the majority of the current for electrodeposi-
tion. However, it was observed that there was a decrease in the
amount of registered HER in the system with increasing concen-
tration of Zn salt (Figure 6d). This can now be easily explained
from the above equation, wherein an increasing concentration in-
creases the dominance of the electrodeposition pathway and sup-
presses the charge passed for the HER. This is primarily because
the concentration of zinc ions increases while the concentration
of solvated water molecules decreases with increasing concentra-
tion. However, this is only a qualitative explanation of this obser-
vation, as Cy,.. and C, , represent surface concentrations of the
species, not true bulk concentrations.

The implications of reduced HER activity with increasing zinc
salt concentration are crucial in the context of long-term cycling
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stability of anodes in AZMBs for commonly reported water in
salt electrolytes. Figure 6a displays a linear sweep voltammogram
recorded for the electrodeposition of zinc on a Cu disk working
electrode (1 mm dia.) in 1m, 10m, and 20m ZnCl, electrolytes.
The onset of electrodeposition shifts to a more positive potential
with increasing concentration, consistent with our earlier find-
ings. A cut-off current of 0.5 mA was chosen to assess the mor-
phology of electrodeposited zinc and visual HER activity on the
Cu disk. The recorded micrographs exhibit uniform morphology
for all concentrations, but the micrograph corresponding to 1m
ZnCl, shows substantial HER activity (indicated by the dashed
circle, see Figure S11, Supporting Information for an enlarged
image), in contrast to 10m and 20m ZnCl,.

The shift in the onset potential in voltammetry is crucial as
it can significantly alter the nucleation overpotential under gal-
vanostatic constant current conditions. Therefore, a capacity of
1 mAh cm~2 was deposited on Cu in a Cu|Zn asymmetric cell
at a current density of 2 mA cm™2. The potential versus time
is shown in Figure 6b, where it was observed that 20m ZnCl,
exhibited the lowest difference between nucleation and growth
energetics (AE,, difference in voltage between maximum point;
nucleation and the plateau region; growth, see Figure 6b), AE,,
of only 4 mV, compared to Im and 10m ZnCl, (26 mV and 11 mV,
respectively). A lower AE,, value of 4 mV in 20 m ZnCl, in-
dicates similarities in the energetics of nucleation and growth
kinetics.[®] This results in overall uniform and compact depo-
sition, which is ideal for the stability of the anode in AZMBs.
The SEM images shown in Figure 6b further support this ob-
servation, where in 1m ZnCl,, non-uniform hexagonal flake-like
zinc platelets are evident, known to arise from the formation of
insulating hydroxide hydrate side products.[*>¢l The extent of
flake-like deposition decreases with concentration, transitioning
to stacked cluster-like electrodeposition. HER prevails during the
electrodeposition of zinc as a competing parasitic reaction, which
simultaneously releases OH™ ions at the electrolyte-electrode in-
terface. This process renders the interfacial pH more basic, trig-
gering the formation of hydroxide hydrate side products. Based
on earlier findings, it is known that the overall HER activity in-
creases in the order: Im > 10m > 20m ZnCl,. Consequently, the
amount of insulating hydroxide hydrate side products decreases
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Figure 7. Coloumbic efficiency (CE) at varying concentration of ZnCl, in the electrolyte substrate at a current density of 2 mA cm~2 and a capacity of
0.66 mAh cm~2 shown in a) and b) and a capacity of 2 mAh cm~2 shown in b). ICE and ACE stand for initial and average coloumbic efficiency. c) Proposed
galvanostatic cycling protocol for evaluating Zn stripping/plating Coulombic efficiency (CE) with varying concentrations of zinc in a Cu|Zn asymmetric

cell.

with increasing concentration, as evidenced by the SEM images
in Figure 6b. At 20m ZnCl,, non-uniform flake-like platelets are
completely absent, revealing stacked, uniform planar deposition.
Additionally, the nucleation and growth kinetics of zinc were eval-
uated using amperometry on 25 um tungsten microelectrodes,
applying a 200 mV overpotential versus Zn/Zn?*. As shown in
Figure S12 (Supporting Information), it was observed that a lower
nucleation barrier with a plateau in current suggested homoge-
neous growth, whereas a high nucleation barrier with a rapid
rise in current indicated uncontrolled growth for the case of
1m ZnCl,.["" This behavior is unexpected if one simply consid-
ers the predicted current based on the Butler-Volmer equation,
as an increased concentration should lead to a higher current,
which is not observed in our case.[*] However, the suppressed
nature of HER at high concentrations results in a more homoge-
neous deposition, leading to controlled growth. Previous studies
have shown that dominant Zn orientation indices like high-index
(100) and (101) and low-index (002), are associated with angles of
90° (dendritic deposition), 30-70° (intermediate), and 0-30° (uni-
form, compact growth) relative to the substrate, respectively.(?”!
Therefore, a higher intensity of the (002) orientation relative to

Adv. Energy Mater. 2024, 14, 2402521 2402521 (10 of 13)

other orientations suggests more uniform and compact growth
compared to other crystal facets. Figure 6¢ shows the XRD spec-
tra of the electrodeposited zinc on the Cu substrates, which reveal
highest intensity ratio of (002) to (101) for the case of 20 m ZnCl,,
consistent with the uniform, planar growth evidenced in the SEM
images. It was observed that there was no significant contrast
variation in the peak intensity for the (100) orientation at all con-
centrations of ZnCl,. Additionally, a heightened propensity for
the (002) orientation with increasing concentrations is expected
based on the potentiometry shown in Figure 6b, which shows a
decreasing AE,, values. Planar, low-index (002) orientations are
more likely to form at lower overpotentials of deposition, com-
pared to high-index (101) and (100) orientations.!]

The uniform morphology and suppressed side products at el-
evated concentration of zinc salt indicated a superior stability to
the zinc metal anode during the cycling of AZMBs. To test the
same, we performed galvanostatic cycling of Cu|Zn asymmetric
cells at a fixed current density of 2 mA ¢cm=2 and a capacity of
0.66 mAh cm~? (Figure 7a) as a function of zinc salt concen-
tration (20 m, 10 m, 5 m, and 1 m ZnCl,). A voltage cut off of
+0.4 V was imposed during the stripping of zinc from the Cu
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substrate. Figure S13 (Supporting Information) shows the first
cycle of plating-stripping, where the maximum initial coloumbic
efficiency (ICE) was observed in the following order: 20 m ZnCl,
> 10 m ZnCl, > 5 M ZnCl, > 1 M ZnCl,. This trend aligns
with the earlier ECMS findings, indicating higher faradaic effi-
ciency for zinc deposition at higher zinc concentrations, which
directly translates to improved ICE values. Moreover, over 35 cy-
cles, a similar trend was observed in the average coloumbic effi-
ciency (ACE) values (Figure 7a), with increasing zinc concentra-
tion from 1 m to 20 m leading to improved ACE values. A sim-
ilar trend was observed when the capacity was increased from
0.66 mAh cm~2 to 2 mAh cm~2, as shown in Figure 7b. The ICE
values align with the low-capacity cycling, where the ICE values
decreased in the following order: 20 m ZnCl, > 10 m ZnCl, >
5M ZnCl, > 1 M ZnCl,, and the same trend was noted for ACE
values. However, it was noted that 1 M ZnCl, fails to deliver high
capacity, with CE values dropping to below 10% in just 15 cycles.

Substrate effects like lattice mismatch, alloying, and inter-
phase effects can influence CE measurements in different coin
cells.[®*62] To minimize these effects and compare the influ-
ence of zinc salt concentration alone, we used the galvanostatic
protocol proposed by Adams et al. and Xu et al, as shown in
Figure 7c[6263] Essentially, to minimize substrate effects across
all concentrations, an initial conditioning cycle was conducted.
During this cycle, 5 mAh cm~=2 of Zn was plated onto and stripped
from the Cu working electrode up to a cutoff voltage of +0.5 V at
a current density of 2 mA/cm?. After this conditioning step, a
5 mAh cm~? was plated on the Cu (reservoir) to provide a con-
trolled and limited source of Zn for precise CE determination
(Q,) at a current density of 2 mA cm~2. Subsequently, a fixed ca-
pacity of 1 mAh cm~2 (Q,) at a current density of 2 mA cm™2
was cycled 9 times, followed by stripping to a cutoff voltage of
+0.5 V versus Zn/Zn?*, ensuring that all removable Zn, includ-
ing the initial reservoir (Q,), was stripped. The CE is calculated
using Equation 5:

_92%+9

“=350+0

©)

It was observed that low concentrations of zinc salt, 1 M and
5 M ZnCl,, exhibited erratic voltage profiles due to inhomoge-
neous zinc electrodeposition and other parasitic reactions. This
indicates that these concentrations may not support Zn anode
performance under realistic conditions (rates, capacities, load-
ings, etc.). Therefore, calculating CE values using Equation 5 is
meaningless and offers no useful information. In contrast, el-
evated concentrations (10 M and 20 M ZnCl,) showed stable
cycling behavior under this protocol, with CE values measured
at 98.8% and 99.4% for 10m and 20m ZnCl,, respectively. Ad-
ditionally, aqueous electrolytes are known to have corrosive ef-
fects on coin cell components due to the HER and the subse-
quent accumulation of insulating layered double hydroxides in
stainless steel (SS) coin cell materials.[** To mitigate these ef-
fects and accurately assess performance based solely on the in-
fluence of electrolytes, additional coin cell testing was performed
using the same protocol as before but introducing titanium (Ti)
spacers and following the protocols detailed by Zhou et al., as
shown in Figure S14a (Supporting Information).%* Similar re-
sults were obtained where 20m ZnCl, exhibited a superior CE
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value (99.8%) compared to other dilute cases. Additionally, it was
observed that 1m and 5m ZnCl, coin cells cycled efficiently with-
out erratic voltage fluctuations when a Ti spacer and corrosion-
resistant coin cell were introduced, which wasn’t the case ear-
lier as shown in Figure 7c. Figure S14b,c (Supporting Informa-
tion) show the charge—discharge profiles at a current density of
2 mA cm~2 and a capacity of 0.66 mAh cm~2 with Ti spacers.
The corresponding CE values for 20m and 1m ZnCl, are 99.1%
and 98.3%, respectively, in coin cells utilizing a Ti spacer. Overall,
these results show the superior performance of 20m ZnCl, elec-
trolytes compared to the dilute cases in enhancing the stability of
the zinc metal anode.

We would like to end by re-emphasizing the benefits of the
type of analysis shown in this work for battery electroanalysis.
Voltammetry and controlled current techniques are not equal in
what they are telling the observer. For a controlled current tech-
nique, one is sending electrons to the electrode surface to per-
form chemical reactions. The probability of those chemical re-
actions being performed depends on the concentration of the
chemicals and the heterogeneous reaction rates. Put simply, this
probability depends on how many chemicals are in the vicinity
and the propensity of those chemicals to undergo electron trans-
fer. This differs quite fundamentally from voltammetry, where
one sweeps a potential. During such a sweep, the kinetics of
electron transfer are at some point convoluted with the kinet-
ics of mass transfer, giving more of an advantage for kinetically-
hindered processes. A simple example can be derived from the
availability of vaccines for a pandemic-related virus. If a certain
site has a guaranteed number of vaccines, the rate at which those
vaccines will be handed out depends on the number of people
interested in vaccination. This “number of people” is a product
of peoples’ interest and the number of people at a certain loca-
tion (say, a large city vs. a small town). Conversely, if a vaccine
is finite, one no longer cares about the amount of people in the
area but rather the peoples’ interest. This is the exact difference
between controlled current techniques and voltammetric tech-
niques: Like vaccine availability for customers interested, there is
a charge availability for those willing to accept the charge (Zn**
and hydronium). However, when charge is finite one must de-
pend most on how many of those there are willing to accept the
charge. In our model, we dictate who accepts the charge through
a calculated resistance that depends on the number of chemicals
and their propensity to undergo a heterogeneous reaction (i.e., a
heterogeneous rate constant). This model perfectly summarizes
our results: The reduction of Zn and HER are intimately linked
in voltammetry because of the opportunity to fight for charge.
While Zn?* reduction is favorable, HER is more favorable ther-
modynamically under kinetic control even in low concentrations
of proton. For this reasoning, we observe beautifully correlated
HER and Zn?* deposition. We anticipate that this model can bet-
ter capture the true nature of battery science through a clear dif-
ferentiation of constant current versus voltammetric techniques.

3. Conclusion

In conclusion, our study uncovers the intertwined kinetics of
the HER during the charging phase of ZMBs. We reveal a di-
rect correlation between Zn electrodeposition and H, liberation,
both sharing the same onset potential in the presence of a Zn
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salt-containing electrolyte. For the first time, we experimentally
validate the predominant role of solvated water in the HER us-
ing voltammetry. Our study demonstrates how Zn** ions facil-
itate the transport of solvated water molecules toward the elec-
trode surface, where they undergo simultaneous reduction, re-
sulting in the liberation of hydrogen gas alongside Zn deposi-
tion. This concept presents a promising strategy for manipulat-
ing the solvation matrix of Zn?* to enhance the formation of a
mechanically stable, conducting solid-electrolyte interphase. Ad-
ditionally, ECMS findings under galvanostatic conditions reveals
the beneficial effect of increased electrolyte concentrations on the
extended cyclability of ZMBs. By elucidating the underlying HER
mechanism and understanding the role of electrolyte structures,
our research sets the stage for developing electrolytes for next-
generation aqueous Zn metal batteries with improved perfor-
mance and reliability. This work addresses critical challenges in
ZMB commercialization and offers insights for advancing their
technological capabilities.
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