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/Abstract: Despite the advantages of aqueous zinc (Zn) metal batteries (AZMB) like high specific capacity (820 mAh g"\
and 5,854 mAhcm ™), low redox potential (—0.76 V vs. the standard hydrogen electrode), low cost, water compatibility,
and safety, the development of practically relevant batteries is plagued by several issues like unwanted hydrogen
evolution reaction (HER), corrosion of Zn substrate (insulating ZnO, Zn(OH),, Zn(SO,),(OH),, Zn(ClO,),(OH), etc.
passivation layer), and dendrite growth. Controlling and suppressing HER activity strongly correlates with the long-term
cyclability of AZMBs. Therefore, a precise quantitative technique is needed to monitor the real-time dynamics of
hydrogen evolution during Zn electrodeposition. In this study, we quantify hydrogen evolution using in situ
electrochemical mass spectrometry (ECMS). This methodology enables us to determine a correction factor for the
faradaic efficiency of this system with unmatched precision. For instance, during the electrodeposition of zinc on a
copper substrate at a current density of 1.5 mA/cm? for 600 seconds, 0.3 % of the total charge is attributed to HER, while
the rest contributes to zinc electrodeposition. At first glance, this may seem like a small fraction, but it can be
detrimental to the long-term cycling performance of AZMBs. Furthermore, our results provide insights into the
correlation between HER and the porous morphology of the electrodeposited zinc, unravelling the presence of trapped
H, and Zn corrosion during the charging process. Overall, this study sets a platform to accurately determine the faradaic
efficiency of Zn electrodeposition and provides a powerful tool for evaluating electrolyte additives, salts, and electrode

\modifications aimed at enhancing long-term stability and suppressing the HER in aqueous Zn batteries. )

Introduction

Aqueous Zinc-metal battery chemistry has garnered recent
attention due to several favorable properties of zinc metal
such as high specific capacity (820mAhg"' and
5,854 mAhcm ™), a low redox potential (—0.76 V vs. the
standard hydrogen electrode), innate compatibility with
aqueous electrolytes, low cost, and safety.!'™> The commonly
used electrolytes for reversible AZMBs are mildly acidic in
nature (pH: 4-6).*¢°1 However, the commercialization of
Zn-metal battery chemistry faces several challenges. These
challenges include issues such as the unwanted hydrogen
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evolution reaction (HER) and dendritic growth during the
charging process. These drawbacks can exacerbate other
parasitic reactions, ultimately leading to the formation of a
ZnO passivation film along with other passivation products
like Zn(OH),, Zn(SO,),(OH),, Zn(ClO,)(OH), etc., which
are insulating by nature, and their presence can increase the
overall cell resistance, which is detrimental to the long-term
cyclability of AZMBs.l"! These drawbacks are often
interrelated and can trigger one another. However, it is
essential to recognize that the issues mentioned earlier
primarily pertain to the Zn anode. The cathode poses an
entirely different set of challenges, which is not the primary
focus of this work.

Among all the previously mentioned issues, HER during
the charging of AZMBs appears to be of paramount
importance. Several studies have demonstrated that control-
ling and suppressing HER can significantly enhance the
performance of AZMBs.""*! In a typical zinc-ion electro-
lyte, Zn>* forms octahedral [Zn(H,O)¢]** complexes, where
solvent (H,O) molecules can coordinate with the Zn**
center, resulting in the creation of “solvated water.” Within
the electrolyte bulk, besides solvated water, there are also
free water molecules that do not participate in any
coordination activities with Zn?*. Various studies have
demonstrated that HER during the charging process is
influenced by both the Zn** solvation structure and the H-
bond network of free water.! However, there is limited
understanding regarding the relative contributions of sol-
vated and free water molecules to the overall hydrogen
liberation in the system. Several strategies are employed to
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control the HER and achieve long-term cyclability in
AZMBs. These strategies include the regulation of electro-
lyte composition and structure, the addition of electrolyte
additives, cosolvents, etc.?*2%#1 For instance, a concen-
trated aqueous electrolyte with specific salts has been
devised to reduce solvated water and inhibit HER.?”
Conversely, an alternative approach focuses on minimizing
the activity of free water by incorporating additives that
disrupt the hydrogen bond network of free water.*” There-
fore, we believe that a quantitative approach to monitoring
and understanding HER is crucial for the development of
commercially relevant zinc battery chemistries. Few studies
have delved into the understanding and quantification of
HER during the charging process (electrodeposition of zinc)
in AZMBs.P'! Many studies in the literature predom-
inantly employ gas chromatography (GC) to understand and
quantify HER. However, GC is not the ideal technique to
quantify evolved H,.'*¥! The intrinsic delay associated with
GC measurements generally means this technique is unable
to resolve differences in H, flux within the charging time
interval, making it impossible to track changes in HER
dynamics over the course of the deposition process. Further,
GC suffers from poor sensitivity and precision when
measuring the low concentrations of hydrogen present in an
electrolyte following deposition. As far as our current
knowledge extends, there have been no studies to date
capable of promptly and precisely quantifying the extent of
the HER during the charging process of AZMBs.

In this study, we introduce, for the very first time, a
methodology that utilizes in situ electrochemical mass
spectrometry (ECMS) to provide an accurate and real-time
measurement of the HER during the electrodeposition of
zinc, marking to the best of our knowledge the first battery-
focused application of this system. By calibrating the mass
spectrometer, we enable the quantification of H, generated
during the application of voltage or current biases. The
geometry of the ECMS setup allows for 100 % collection of
volatile products generated at the working electrode,
providing exceptional sensitivity.®*¥! Notably, the desorption
of less than one monolayer of hydrogen equivalents on
planar electrodes can be accurately quantified by this
technique. The design of the system is such that volatile
species produced are detected by the mass spectrometer
within seconds, providing much better time resolution
compared to GC.P¥ This platform enables precise quantifi-
cation of HER during galvanostatic zinc plating, thus
enabling accurate Zn electrodeposition faradaic efficiency
calculations and offering insights into the correlation
between HER and the porous morphology of the deposited
zinc.

Results and Discussion

As previously demonstrated, AZMB chemistry in mildly
acidic electrolytes is afflicted by several drawbacks including
non-uniform dendritic growth, which can result in short
circuits, passivation leading to the formation of an insulating
zinc oxide film which in turn triggers increase in cell

Angew. Chem. Int. Ed. 2024, 202319010 (2 of 8)

Research Articles

Angewandte

intemationalditionty Chemie

potential, and the occurrence of the hydrogen evolution
reaction during the electrodeposition of zinc.['>!*13171933 ¢ js
essential to note that these drawbacks are intricately
interconnected and collectively contribute to the deteriora-
tion of AZMB performance during extended cycling studies.
First, this study discusses and explores the nature of these
drawbacks. Subsequently, electrochemical mass spectro-
scopy as a platform for monitoring the real-time evolution
of hydrogen during electrodeposition is showcased.

Linear sweep voltammetry with time-synchronised opti-
cal microscopy was performed in a three- electrode setup
wherein, a 1 mm dia. Cu disk electrode was used as the
working electrode, zinc foil as the counter electrode, and
Ag/AgCl in 1M KCl as the reference electrode in 0.5 M
ZnSO, electrolyte. LSV was performed at between an initial
potential of —0.8 V to a final potential of —1.6 V at a scan
rate of 10 mV/s, resulting in a voltammogram shown in
Figure 1(a). Along with scanning the potential at the Cu
disk, bright field optical micrographs were simultaneously
acquired to monitor the nature of electrodeposited zinc and
observe HER activity at the Cu]electrolyte interface.
During the initial segment of the sweep (—0.8 V to —1V),
no redox activity was observed, as depicted by micro-
graph (1) in Figure 1(b). It was only when we swept to a
more negative potential, surpassing the nucleation barrier at
—1.04 V vs Ag/AgCl for Zn deposition on the Cu substrate,
that we observed an exponential rise in current (highlighted
in the orange region in Figure 1(a)). Initially, as predicted
by Butler—-Volmer electron transfer kinetics, we observe an
exponential increase in current in this portion, representing
a charge transfer-controlled regime. During this segment, we
observe nucleation of zinc clusters evident from micro-
graph (2) shown in Figure 1(b), although no HER activity is
observed. However, as we continue to sweep to more
negative potentials, we observe the growth of deposited Zn
clusters, as depicted by micrograph (3) in Figure 1(b),
accompanied by substantial HER activity. As shown by the
yellow region in Figure 1(a), there is a significant surge in
current, leading to a steady-state-like condition as the
system transitions from an initial charge transfer-controlled
regime to a diffusion-limited regime. There is a transition in
the reaction mechanism from charge transfer control to
diffusion control due to the consumption of Zn?* ions in the
vicinity of the electrode surface. This consumption induces a
form of diffusion limitation, where the rate-limiting step
shifts from the kinetics of electron transfer to the diffusion
of Zn*" ions to the electrode surface, a phenomenon
commonly referred to as diffusion control. It is well
established in the literature that a diffusion limitation during
electrodeposition is closely associated with dendrite forma-
tion. Figure S1 illustrates the impact of transitioning
between reaction regimes, specifically from charge transfer
control to diffusion control, on the morphology of electro-
deposited zinc. This mechanism is not only applicable to
zinc electrodeposition but also holds true for other metal
battery chemistries involving the use of Na and Li. It is often
cited in the literature to explain the origin of dendrite
formation during electrodeposition. Furthermore, the over-
all current escalation is also related to the increasing
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Figure 1. (a) Linear sweep voltammogram for the electrodeposition of zinc on the custom-made Cu electrode (1 mm diameter) using aqueous Aq.
0.5 M ZnSO, as the electrolyte; (b) Time-synchronized bright-field optical microscopy images for the electrodeposited Zn on Cu as a function of
time/voltage (1, 2, 3, and 4 are the images captured at different times, and the corresponding potential is depicted in Figure 1(a). (c) Voltage vs.
time trace for cycling of a zinc-symmetric cell galvanostatically charged and discharged at a current of 1 mA/cm? with a capacity of 1 mAh/cm?

(d) Measurements for the coin cell thickness before and after cycling showed severe swelling of the cell, indicating a severe hydrogen evolution

reaction, corrosion, and non-uniform dendritic growth.

electroactive surface area of the electrode. Succeeding the
—1.38 V threshold results in a dramatic increase in the value
of current (the green region in Figure 1(a)) due to the
uncontrolled zinc growth (dendrites) and heightened HER
activity, as shown in micrograph (4) in Figure 1(b).

It is well established in the literature that a diffusion
limitation during electrodeposition is closely associated with
dendrite formation.’**”! Furthermore, the overall current
escalation is also related to the increasing electroactive
surface area of the electrode. Succeeding the —1.38V
threshold results in a dramatic increase in the value of
current (the green region in Figure 1(a)) due to the
uncontrolled zinc growth (dendrites) and heightened HER
activity, as shown in micrograph (4) in Figure 1(b). A closer
look at the micrograph reveals a substantial HER activity at
the electrode surface (dashed red circle). A time-synchron-
ized video in the Supporting Information (Movie S1) shows
the side-by-side morphological evolution of the electrode
surface and the voltametric response.

One might wonder about the influence of scan rate on
the nature of voltammograms and the morphology of
electrodeposited zinc. To explore this, Figure S2 presents
voltammetry experiments under the same experimental
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conditions as depicted in Figure 1(a), but with varying scan
rates (0.5mV/s, 1 mV/s, SmV/s, 10mV/s, and 20 mVJ/s).
Significant differences in the magnitude of current have
been observed across these various scan rates. The slowest
scan rate specifically resulted in the smallest magnitude of
observed current, while the observed current increased with
higher scan rates. This change in the magnitude of current
transients further suggests differences in the morphology of
the electrodeposited zinc. However, upon closer examina-
tion of the voltammograms, the characteristics of the
voltammogram’s nature at various scan rates seem similar
across multiple scan rates. Colored regions like 2, 3, and 4 in
Figure 1(a) can be identified consistently for all cases.

It is to be noted that during the electrodeposition of zinc
in the voltammetry experiment, it is not possible to precisely
assign exact regions to initial nucleation (charge-transfer
control) and growth (diffusion control) as these are intrinsi-
cally convoluted with one another. Therefore, the color-
coded regions (2, 3, and 4) in Figure 1(a) only serve as a
qualitative illustration to demonstrate the transition in the
rate-limiting step of the electrodeposition reaction from an
initial charge transfer control (nucleation) to diffusion
control (growth of Zn° clusters).
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Opverall, this clearly shows that Zn electrodeposition is
closely associated with the formation of dendrites and HER.
Along with voltage as the x-axis, a time axis is provided
which shows the time points at which the potentials were
applied. The charge (Q) passed during the voltage sweep
was calculated by integrating the area under the current-
time trace, as shown the pink region in Figure 1(a). The
value of Q was found to be 0.2 C, which includes contribu-
tions from two different reduction reactions: conversion of
Zn*" to Zn° clusters and H,O/H™ to evolved H,. This raises
a fundamental question about the faradaic efficiency of the
system: Can the contributions of these distinct reduction
reactions be deconvoluted?

In practical applications of AZMBs, voltage sweeps are
eschewed as a bias for zinc electrodeposition on the current
collector. Instead, chronopotentiometry, involving the appli-
cation of a constant current for a fixed time, is employed. To
illustrate the issues associated with zinc electrodeposition,
zinc symmetric cells were fabricated using the same electro-
lyte (0.5 M ZnSO,) as the oltametric experiments. The cells
were galvanostatically charged and discharged at a current
of 1 mA/cm? with a capacity of 1 mAh/cm®. The voltage vs.
time profile is shown in Figure 1©. Initially, a stable voltage
vs. time profile was observed (inset (i) of Figure 1 <xfig©-
(c)), but beyond 15 hours, severe voltage fluctuations
emerged, reaching as high as £2.5 V, which is detrimental
for long-term coin cell stability. During the cycling of the
coin cells, we observed fluctuations in the voltage profile,
indicating unstable cycling of the coin cell, wherein the
voltage window increased from £150 mV to £2.5V after
20 hours of cycling. These fluctuations arise from the
changing morphology of electrodeposited zinc, HER, and
formation of passivating side products that are insulating in
nature. Such fluctuations are indicative of poor cycling
performance and are detrimental to the cycle life of
batteries, currently a key limitation in zinc metal batteries.
ZnSO, being used as the electrolyte, The insulating passivat-
ing film mostly consists of Zn,SO,(OH),. xH,0 (ZSOH).*
An XRD data of the passivation product formed can be
found in the Supporting Information (Figure S3). It has
been reported in literature that nature of zinc deposits can
be porous because of HER, which can lead to an irreversible
loss of capacity with cycling due to formation of dead zi.***!
This behaviour was consistently observed across multiple
coin-cell experiments. The formation of dendrites during
zinc electrodeposition can be detrimental to the long-term
cyclability of zinc metal batteries and is often related to the
formation of dead zinc, leading to irreversible capacity loss.
Movie S2 shows the stripping of the electrodeposited zinc
ioltametricmetric experiment shown in Figure 1(a) at a fixed
potential of —0.6 V, where it can clearly be seen that dead
zinc is formed as the dendrites slowly detach from the
surface. Furthermore, the effect of HER is evident in the
cell’s thickness (as shown in Figure 1(d)), increasing from
3.27 mm before cycling to 4.79 mm after 70 hours of cycling,
posing serious safety concerns. Overall, this underscores the
importance of accurately quantifying the extent of HER
during zinc cycling for a comprehensive understanding of
the failure mechanisms in coin cells. In a broader context,
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the real-time quantification of HER during cycling serves as
a valuable tool for the evaluation of electrolyte additives,
electrolyte salts, or electrode modifications aimed at mitigat-
ing any undesirable side reactions and achieving prolonged
stability in coin cells.

In the following discussion, we introduce electrochemical
mass spectroscopy (ECMS) as a method for real-time
quantification of the HER activity during zinc electro-
deposition. In our experiments, we utilized helium (with a
research purity of 6N, obtained from A-OX Welding)
delivered via an internal mass flow controller. This carrier
gas is responsible for maintaining the pressure gradient,
facilitating the convection of gaseous species into the mass
spectrometer (MS) inlet. The working electrode was com-
posed of a copper (Cu) disk, and the reference electrode
was Ag/AgCl immersed in 3.4 M KCl (supplied by eDAQ),
with a platinum (Pt) wire serving as the counter electrode.
These electrodes were connected to a potentiostat (Biologic
SP-300) under the control of EC-Lab software. The Zilien
software (from Spectro Inlets) was employed to manage the
valves, mass spectrometer, and data collection. Data proc-
essing was conducted using the ixdat Python package,
specifically developed for the analysis of ECMS. A detailed
schematic, methodology, and H, calibration curve for the
ECMS can be found in Figure2, S4 and Supporting
Information Page 2-3. Electrochemical measurements were
performed using a 3-electrode setup, with a Cu disk as the

Potentiostat

CE(Pt) § RE
(Ag/AgCl in3.4 M KCI)

Membrane Chip

Roughing Pump

Gas Supply
Turbomolecular Pump

Qms —“ “

Figure 2. Schematic representation of the electrochemical mass spec-
trometry (ECMS) instrument. WE, RE and CE stand for working
electrode, reference electrode and counter electrode respectively. QMS
stands for Quadrupole Mass Spectrometer.
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working electrode (with an area of approximately
0.196 cm?), a Pt wire counter electrode, and an Ag/AgCl
electrode in 3.4 M KCl solution serving as the reference
electrode. In our studies, a stable Ag/AgCl reference
electrode is used to ensure our understanding of the
thermodynamics of the system. The choice of a Pt counter
electrode rather than zinc is justified since only the reactions
taking place at the copper working electrode are relevant to
the present study. An electrolyte of 0.5M ZnSO, with pH
~4 was used for all ECMS trials. To simulate a practical
coin cell cycling condition, we performed chronopotentiom-
etry at practically relevant current densities; Figure 3(a)
displays the applied current densities (—0.5, —1 and
—1.5 mA/geometric cm* blue, red and green curves on
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Figure 3. In situ electrochemical mass spectrometry data for the
electrodeposition of Zn on Cu substrate in a three-electrode setup at
three different applied current densities (—0.5, —1, and —1.5 mA/cm?).
(a) Applied current vs. time; (b) Recorded voltage (vs. Ag/AgCl in

3.4 M KCl) vs. time; (c) Real-time dynamics and quantification of
evolved hydrogen vs. time.
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Figure 3(a), respectively) as a function of time. Time is
referenced at 0s, which indicates the start of current
application for all three cases. The current was applied for a
duration of 600 s, after which no further current was applied.
The WE potential remained constant at ~0.17 V vs. Ag/
AgCl for all cases before the application of current (<0 s).
This potential is solely set by the Cu’|Zn’" interface. The
voltage response after the application of current is illus-
trated in Figure 3(b). The observed voltage trace closely
resembles what is typically observed during the first plating
cycle in an asymmetric Cu|Zn half-cell.®*! As anticipated,
the nucleation overpotential scales with the applied current
density, with values of 12mV, 14mV, and 16 mV for
—0.5mA/cm?, —1 mA/cm?, and —1.5mA/cm®. When the
application of the current was ceased, the cell potential was
measured to be near —0.82 V vs. Ag/AgCl. This potential is
set by two different interfaces: Cu’|Zn*" and Zn°|Zn*".
Along with monitoring the electrode potential as function of
time, the amount of evolved hydrogen was probed as a
function of time as shown in Figure 2(c). In all cases, the
baseline flux of H, was allowed to stabilize before the
application of current and has been subtracted. For a
detailed explanation of the mechanism for detecting the
evolved gas using ECMS, please refer to Supporting
Information page no. 2, 3. The application of current results
in a sharp increase in the detected H, in the system, which
then slowly decays over time. The initial spike in H, may
correspond to HER on the bare copper surface before
significant Zn is deposited.

Before delving into quantifying the amount of evolved
hydrogen during the electrodeposition of zinc and calculat-
ing the faradaic efficiency for the zinc deposition, it is
essential to understand a few key observations about the
voltammogram presented in Figure 1(a). It is not clear from
Figure 1(a) what the exact overpotential needed for HER
on a Cu substrate is and why no HER is observed prior to
the nucleation of zinc. To answer these questions, two
independent experiments were performed involving the use
of two different electrolytes: Aqueous 1 M ZnCl, and 1 M
KCl in water. Linear sweep voltammetry with 1 M ZnCl,
shown in Figure S5 (a) resembles the data shown in Fig-
ure 1(a), wherein a nucleation overpotential of approxi-
mately —1V vs. Ag/AgCl (inset (i) in Figure S5(a)) was
noted. The characteristic nature of the curve is also similar
to Figure 1(a), where we observe an initial charge transfer
followed by a transition to diffusion control and uncon-
trolled dendritic growth, accompanied by significant HER.
In the other set of experiments where no Zn salt was used
(pink curve on Figure S5(a)), and 1 M KCl was added to
water to reduce the solution resistance, we observed that
HER activity on the Cu substrate occurs at an overpotential
of approximately —1.32'V vs. AgCl (inset (i) in Figure S5-
(a)). These observations explains why no HER activity was
noted in the voltammogram presented in Figure 1 prior to
the nucleation of zinc on the Cu substrate, as the over-
potential needed for HER on Cu is more negative compared
to the nucleation overpotential of zinc electrodeposition.
The overall process in the presence and absence of zinc salt
is shown in Figure S5(b) and (c).
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Now, To quantify the amount of hydrogen evolved
during the application of current, we integrate the area
under the curves presented in Figure 2(c) between 0 and
600 seconds. As expected, a higher current value leads to
the liberation of more H, in the system (2.05nmol,
2.38nmol, 2.84nmol for —0.5, —1, and —1.5mA/cm?
respectively). The faradaic efficiencies to hydrogen evolu-
tion calculated for these current densities are 0.62, 0.39, and
0.31 percent, with remaining charge going to zinc deposition.
A closer examination during the final moments of current
application (Figure S6) reveals that once the applied current
is switched off, the system continues to register continuous
flux of H, for significant periods of time. We hypothesized
that this may occur due to the release of H, that was trapped
under the porous zinc electrodeposits after the application
of current. To validate these findings, we continued to track
evolved H, well beyond the cessation of the —1.5 mA/cm?
current application.

Figure 4(a) shows mass spectrometry data for the
—1.5mA/cm?® trial extended beyond the 600s current
application window. As mentioned previously, the amount
of liberated H, during the application of current was
calculated to be 2.84 nmol, as indicated by the green region
in Figure 4(a). Intriguingly, the system continued to register
the presence of H, for thousands of seconds after the current
was stopped. This hydrogen probably arises from two
sources: At short times following the cessation of current,
the MS detects H, which has diffused from the electrolyte
layer and from microscopic bubbles of H, trapped in the
dendritic Zn matrix. At long times, however, the nearly
constant flux of H, observed is likely the result of metallic
zinc dissolution to Zn**. Such dissolution can occur simulta-
neously with the HER via a continuous corrosion process
that is thermodynamically favorable at this potential and

I I

applied applied
-1. r’rJlAlcm2 0 rg‘;\lcmz
(a)
Evolved H,
30 i 2.85 nmol During Zn electrodeposition
— E Evolved H,
(7)) Trapped beneath Zn growth
~
3 2 0 - 5.16 nmol
E Evolved H,
h During Corrosion of Zn
N
I ;
N—
[l a

0 1000

Time (s)
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pH.'**! These modes of hydrogen production are depicted
as the regions with different color codes in Figure 4(a),
corresponding to Zn-dissolution-associated and trapped/
diffusion-limited H, respectively. Assuming that charge to
HER is completely balanced by Zn corrosion, we calculate a
corrosion rate of 96 pg/s. This represents a vanishingly small
loss compared to the 61 pg of zinc deposited.

Additionally, it could be argued that the H, flux
observed after 600 seconds may not originate from the
porous growth. Instead, it might be attributed to the H,
released during the final moments of the current application.
To gain further insight into this process, a control experi-
ment was conducted using a Aq. solution 1 M perchloric
acid (HCIO,) as the electrolyte. This experiment utilized the
same experimental setup, but with a platinum electrode
replacing the copper working electrode to facilitate the
HER. To align with comparable experimental conditions as
shown in Figure 4(a), the current magnitude was fine-tuned
to induce hydrogen evolution at a sustained rate akin to the
zinc electrodeposition at the 600 second time point (Fig-
ure S7 and the inset). From ECMS measurements involving
the use of Pt, we replaced the zinc salt-containing electrolyte
with an acid-containing electrolyte (1 M HCIO,) without any
zinc salt. This adjustment was made to enable the applica-
tion of a comparable H, production rate, matching the
observed HER in the presence of zinc salt, and facilitating
the study of hydrogen release from the trapped growth.
Switching to an acid-based electrolyte ensured that no zinc
deposits formed on the Pt substrate, as using a zinc-
containing salt would have led to zinc deposition at the
applied current density. Following the cessation of the
current application, we carefully recorded the decay in H,
flux. Notably, an immediate decline in H, flux was observed
upon terminating the current, in contrast to the zinc electro-

(b)

Intensity

Figure 4. (a) Quantification of evolved hydrogen as a function of time, during (0 to 600 s) and after discontinuing (600 to 4000 s) the application of
current (—1.5 mA/cm?) (b) Acquired X-ray tomography image for electrodeposited zinc (-1.5 mA/cm? for 10 min) showing the presence of void-
containing deposits. (Scale bar 3 mm). Color bar represents of the percentage abundance (intensity) of zinc; red represents the maximum

concentration and blue indicates the lowest.
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deposition scenario. This observation strongly indicates the
existence of trapped H, beneath the porous electrodeposi-
tion of zinc.

The prompt decay of H, flux to the steady-state indicates
that microstructural features of deposited Zn do not trap
evolved H, to a significant extent. To analyse the nature of
the zinc deposits, zinc was galvanostatically deposited from
the same electrolyte (0.5M ZnSO,, pH~4) at the same
current density and capacity (1.5 mA/cm® for 10 mins), and
X-ray tomography of the electrode was performed. The
acquired tomogram is presented in Figure 4(b), revealing
the presence of voids containing zinc clusters formed as a
result of the HER, as well as tiny isolated islands where no
zinc clusters are present. Given the dynamic nature of the
electrodeposition process involving multiple competing re-
actions—actual electrodeposition (Zn*" to Zn"), HER, and
corrosion—the formation of isolated islands can be attrib-
uted to various factors. One possibility is the presence of a
insulating passivation film, which is insulating and may
hinder electrodeposition in those areas. Additionally, HER
can led to bubble nucleation, and the adsorbed hydrogen
bubble on the zinc substrate can block the flux of Zn** to
the electrode surface. Furthermore, the adsorbed H, bubble
typically exhibits a hemispherical geometry, where the
three-phase boundary at the contact line of the bubble takes
on a circular shape, resulting in isolated circle-like islands on
the electrode surface. The color bar serves as a visual
representation of the percentage abundance (intensity) of
zinc, with red representing the maximum concentration and
blue indicating the lowest.

Overall, the methodology outlined in this study offers
significant benefits for two key reasons. First, it enables us
to determine the faradaic efficiency of zinc electrodeposi-
tion, which is being reported for the first time. This allows
us to deconvolute the total charge passed into its constituent
components, which are the contributions from two distinct
reduction reactions: the conversion of Zn’" to Zn° clusters
and H* to evolved H,. For instance, the faradaic efficiency
for the data shown in Figure 4(a) was found to be 99.7 % for
Zn electrodeposition between 0 and 600 s (see Supporting
Information Pg. no.3 for the detailed calculation). It is
essential to note that our efficiency calculation is based on
the assumption that the total charge is solely attributed to
the HER and zinc electrodeposition. Other factors, such as
electron transfer-driven solvent decomposition on the elec-
trode surface, passivation or corrosion is not considered.
Secondly, the generality of the ECMS method enables
convenient screening of electrolyte additives, electrolyte
salts, and current collector modifications, with the goal of
improving the long-term cyclability of AZMBs and sup-
pressing the HER.

Conclusion

In summary, our study introduces an innovative in situ
electrochemical mass spectrometry method for precise
quantification of hydrogen evolution reactions during zinc
electrodeposition. Through chronopotentiometry techni-
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ques, we examined the galvanostatic deposition of zinc at
varying current densities, quantifying both potential and
evolved hydrogen as a function of time. Our results showed
that the magnitude of hydrogen evolution is positively
correlated to applied current density. Additionally, our
ECMS measurements allowed us to replicate zinc electro-
deposition on a practical level, imitating coin cell conditions
and offering insights into the dynamics of hydrogen
evolution in real systems. In addition to hydrogen produced
during the application of current, we also observed H,
production at zero net current from the corrosion of
deposited zinc. This methodology not only assesses Faradaic
efficiency, distinguishing contributions from zinc electro-
deposition and HER, but also provides a platform to assess
the impact of electrolyte additives and modifications on
enhancing the performance of advanced zinc-based metal
batteries. These findings hold the promise of significantly
advancing electrochemical energy storage and enhancing
zinc-based battery technology and related applications.
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This study introduces an innovative in
situ electrochemical mass spectrometry
method for precise quantification of
hydrogen evolution reactions during
zinc electrodeposition. The results show
that the magnitude of hydrogen evolu-
tion is positively correlated to applied
current density.
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