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Abstract: Aqueous Zn-Iodine (I,) batteries are attrac-
tive for large-scale energy storage. However, drawbacks
include, Zn dendrites, hydrogen evolution reaction
(HER), corrosion and, cathode “shuttle” of polyiodines.
Here we report a class of N-containing heterocyclic
compounds as organic pH buffers to obviate these. We
evidence that addition of pyridine /imidazole regulates
electrolyte pH, and inhibits HER and anode corrosion.
In addition, pyridine and imidazole preferentially absorb
on Zn metal, regulating non-dendritic Zn plating
/stripping, and achieving a high Coulombic efficiency of
99.6 % and long-term cycling stability of 3200h at
2mAcm™>, 2mAhcm™ It is also confirmed that
pyridine inhibits polyiodines shuttling and boosts con-
version kinetics for I7/I,. As a result, the Zn-I, full
battery exhibits long cycle stability of >25000 cycles and
high specific capacity of 105.5 mAhg ' at 10 Ag™'. We
conclude organic pH buffer engineering is practical for
dendrite-free and shuttle-free Zn-I, batteries. j

Introduction

Emerging climate change has meant an increasing global
commitment to carbon neutrality within the next few
decades. Rapid adoption of clean energy is important to
reduce carbon emissions. Because of intermittence of clean
energy including, solar and wind, development of reliable
energy storage beyond conventional lithium-ion batteries is
needed.!"! Aqueous, rechargeable zinc batteries are emerging
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as practically promising for grid-scale energy storage owing
to high capacity of Zn of 820 mAhg™', low cost, high safety
and eco-friendliness.”’ Amongst cathode materials, iodine is
attractive  because of high specific capacity of
221 mAh g 4. ', high discharge potential plateau of 1.38 V
vs. Zn/Zn*" and abundance in seawater at 55 ugL™". As a
result, aqueous zinc-iodine (Zn-I,) batteries have attracted
research attention for energy storage.’! However drawbacks
include, for the anode, Zn metal exhibits dendrite growth
and thermodynamics favour HER."! For the cathode, high
concentration of polyiodine intermediate compounds are
generated during conversion of I/I” that cause “shuttle”
effects, leading to irreversible loss of active materials and
corrosion and consumption of Zn anode.

Electrolyte optimization is an acknowledged practical
means for suppression of Zn dendrites and HER because of
facile preparation processes and low costs. For example,
electrolyte additives, high concentration electrolytes and
polymer gel electrolytes have been reported to suppress
HER and boost plating/stripping reversibility of Zn.[*
However, the influence of pH stability of electrolyte on H,
evolution and dendrite formation in Zn batteries has been
overlooked. The pH for many reported mild, aqueous Zn
electrolytes is ca. 4, leading to HER and concentration
increase in OH™ and formation of alkaline zincate (Zn,SO,-
(OH),nH,0). Formation of alkaline zincate consumes Zn?*
and is a physical barrier affecting uniform Zn ion flux and
facilitating Zn dendrite growth, underscoring the need to
stabilize the pH during cycling. In addition, for continued
development of Zn-I, full battery, the shuttle effect of
polyiodine intermediate compounds also needs solution.
Formation of polyiodine intermediates represented by I;~
and reactions involved in Zn-I, battery can be described as
follows:!®

I'+L —=1; (1)
I +2e” —3I° )
Zn —2e~ — Zn** €)

High concentration of I;~ diffuses to the Zn anode,
leading to self-discharge and consuming Zn metal. At the
same time, regenerated 1™ reacts continuously with I, and
converts to I;7, that consumes I, and affects the capacity
decay of Zn-I, battery. By design therefore, a pH buffer
electrolyte that concurrently regulates pH, protects Zn
anode from corrosion, guides Zn uniform deposition and

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH


http://orcid.org/0000-0002-3812-3976
http://orcid.org/0000-0003-3464-5301
https://doi.org/10.1002/anie.202303011
https://doi.org/10.1002/ange.202303011
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202303011&domain=pdf&date_stamp=2023-04-17

GDCh
=

inhibits the shuttle of polyiodine compounds is needed for
Zn-1, batteries.

Biological buffers based on organic substances are used
in biochemical processes to maintain a constant pH over a
given range via neutralizing effects of hydrogen ions. These
keep pH constant by taking up protons that are released
during reactions, or by releasing protons when they are
consumed by reactions. It was hypothesized therefore that
organic pH buffer molecules could be used as additives in
aqueous electrolyte(s). In particular organic molecules that
have N-containing groups serving as both acceptor and
donor of hydrogen bonds. The amine /imine groups interact
with Zn*" and iodine, regulating Zn deposition and inhibit-
ing the shuttle effect.! It was hypothesized that pH, Zn
dendrites and shuttle effect in Zn-I, batteries could be
concurrently controlled.

To test the hypothesis, initially, pyridine was added to
2 M ZnSO, electrolyte as an organic pH buffer. The unique
lone pair on N forms a hydrogen bond with H, buffering pH
change around Zn anode and inhibiting production of by-
products. Pyridine molecules preferentially absorb on Zn
metal surface and induce dendrite-free deposition of Zn
(002) facet. Imidazole pH buffer that also contains N atoms,
additionally, was used as an additive in 2 M ZnSO, electro-
lyte. The effect of organic pH buffer on reversibility and
stability of Zn anode was demonstrated via electrochemical
performance of Zn/Zn symmetrical cells tested at different
current density and capacity, in 1) pyridine-ZnSO, electro-
lyte with 4000 h at 1 mAcm 2 1 mAhcm? and 3200 h at
2mAcm? 2 mAhcm ™2, and; 2) imidazole-ZnSO, electrolyte
with 4000h at 1mAcm™2 1mAhcm™2 and 800h at
2mAcm > 2mAhcm™2 In-situ UV/Vis and in-situ Raman
evidenced that the inhibition of polyiodides dissolution and
high reversibility of I/I" conversion in pyridine-ZnSO,
electrolyte. As a result, Zn-I, batteries in pyridine-ZnSO,
exhibited a high specific capacity of 180 mAhg™ and
~100 % Coulombic efficiency (CE) at 0.2 Ag™', and reached
92 % capacity retention rate following 10000 cycles at a
current density 2 Ag~'. At a high current density of 10 Ag™!,
Zn-1, batteries in pyridine-ZnSO, reached 25000 cycles and
maintained a high specific capacity of 105 mAhg™"'. It is
concluded therefore that targeted engineering of electrolyte
pH using organic buffer additive is of practical benefit in
design for highly reversible and dendrite-free and shuttle-
free Zn-I, batteries, and findings will be of interest to
researchers and manufacturers.

Results and Discussion

The addition of pyridine or imidazole did not change the
solvated structure of Zn** as was confirmed via FTIR
(Figure S1) and Raman (Figure S2) spectra. The possible
complex formed by imidazole and pyridine in acidic solution
is highlighted in Figure S3. Imidazolium/imidazole and
pyridinium/pyridine are conjugated acids / bases that can be
used as buffers to regulate change of pH in electrolyte.
When significant H* is produced in the electrolyte,
imidazole and pyridine combine with H* to form imidazo-
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lium/ pyridinium. However, when H" in acid solution is
consumed significant OH~ will combine with imidazolium/
pyridinium to form imidazole/pyridine. This reversible
formation of pyridine/pyridinium and imidazole/imidazolium
was confirmed via FTIR findings (Figures S4, S5). Because
the concentration of pyridine and imidazole in ZnSO,
electrolytes was significantly low, specific bands were not
detected in FTIR. Therefore, 2M H,SO, was added to
pyridine and imidazole-based electrolytes to determine the
influence of acid on pyridine and imidazole. The vibration
frequency for ring-breathing in liquid pyridine (vCC=N) is
from 1700 to 1400 cm™', in which 1580 and 1481 cm™' peak is
(largely) affected by nitrogen lone pair (Figure S4).! When
pyridine interacts with acid, the 1580 and 1481 cm™! bands
shift to high frequency and are stretched, evidencing that
the nitrogen lone pairs of pyridine interact with H* under
acidic condition. Similarly, in the imidazole ring structure of
1620 to 1500 cm ™', the C=N peak at 1575 cm™' blue-shifted
significantly with addition of H,SO, and C=C band was
stretched and red-shifted, confirming the interaction of
nitrogen lone pair and H* in imidazole (Figure S5).”) To
determine the adjustment effect of addition of imidazole
and pyridine on pH of ZnSO, electrolyte, a home-made in-
situ pH instrument was constructed to monitor pH change of
the Zn anode in real-time (Figure S6). The pH meter was
fixed in the home-made in-situ electrolytic cell with 50 mL
electrolyte as close as practically possible to the Zn anode,
in order to detect actual and accurate pH change of the Zn
anode. The pyridine-ZnSO, and imidazole-ZnSO, had a
positive change in pH. The initial pH in pyridine-ZnSO, and
imidazole-ZnSO, were greater than that for 2M ZnSO,
electrolyte, with imidazole, 5.47>4.42 and pyridine, 5.5>
4.42. Some imidazole/pyridine molecules combine with H*
in the acidic electrolyte, resulting in an increase of pH of the
electrolyte. Compared with mildly acidic electrolyte, the
near-neutral aqueous electrolyte is a more benign solution
environment for Zn metal anode.'”” The pH of the 2M
ZnSO, electrolyte without additives increased from 4.42 to
4.95 in discharge of the Zn/Zn symmetric battery, and
decreased slightly during charge, and settled to maintain
4.86. However, the pH of 2M ZnSO, electrolyte with
imidazole, or pyridine, did not change significantly in both
discharge and charge, Figure 1a (Figure S7, Table S1). For
2M ZnSO, electrolyte, the change in pH near Zn anode
during discharge is attributed to the fact of HER and a
number of OH™ gathered to Zn anode, resulting in an
increase in pH of Zn anode. In charging, because of
conversion of current, the moving direction of cation and
anion in the solution changes, leading to a drop in pH of Zn
anode. However, for the pyridine-ZnSO, and imidazole-
ZnSO, electrolyte, imidazolium, or pyridinium combine with
generated OH™ and control growth of pH at Zn anode, and
therefore suppress HER during discharge. Similarly, during
charge the pH for Zn anode does not decrease, which is
because of combination of imidazole/pyridine molecules and
H" in the electrolyte. Therefore, addition of imidazole/
pyridine adjusts the pH of ZnSO, electrolyte in charge and
discharge. To confirm inhibition of HER by additives,
Linear Sweep Voltammetry (LSV) measurement was deter-
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Figure 1. pH buffer and suppression of hydrogen evolution. a) Real-time electrolyte pH near Zn anode during discharge and charge at a current
density of 1 mAcm™2. b) Linear sweep voltammetry curves in pyridine-Na,SO,, imidazole- Na,SO, and 2 M Na,SO, electrolyte at a scan rate of
1 mVs™'. ¢) Tafel plots for Zn plate tested in pyridine-ZnSQ,, imidazole-ZnSO, and 2 M ZnSO, electrolyte at a scan rate of 1 mVs™". d)-f) In-situ
GC profile during Zn plating at 1 mAcm™? (from (d) to (f): ZnSO,, pyridine-ZnSO,, imidazole-ZnSO,). g) Corresponding H, release.

mined on different electrolytes. Because it is difficult to
observe Zn deposition and H, release in the Zn-Ion
electrolyte at similar potentials, 2 M Na,SO, was used to
replace 2 M ZnSO, to eliminate influence of Zn deposition
on H, evolution."! 2 M Na,SO, electrolyte exhibited HER
response at —1.34V vs. Ag/AgCl. In adding imidazole or
pyridine, the potential response moved negatively, respec-
tively, by 20mV to —1.36 V vs. Ag/AgCl and by 80 mV to
—1.42V vs. Ag/AgCl confirming that additives significantly
inhibit HER, Figure 1b. Tafel plot was used to determine
the effect of electrolyte additives on Zn anode corrosion,
Figure 1c. Compared with 2M ZnSO, electrolyte, the
corrosion potential for Zn in pyridine-ZnSO, electrolyte
increased from —1.0179 to —1.0115V, and; corrosion
potential for Zn in imidazole-ZnSO, electrolyte increased
from -1.0179 to —1.0120V. In comparison with the
corrosion current with 2 M ZnSO, (9.1 mA cm?) electrolyte
on Zn, the corrosion current for pyridine-ZnSO,
(4.66 mAcm™?) and imidazole-ZnSO, (4.31 mAcm?) elec-
trolyte on Zn decreased by, respectively, 4.44 and
479 mAcm™’. It is generally acknowledged that the more
positive the corrosion potential moves, the smaller the

Angew. Chem. Int. Ed. 2023, 202303011 (3 of 10)

corrosion reaction for Zn and, the smaller the corrosion
current, the lower the corrosion rate for Zn.'"? In-situ gas
chromatography (GC) was used to determine release of H,
(Figure S8). As is shown in Figures 1d-f, H, evolution is
significantly inhibited by addition of imidazole and pyridine
in 2M ZnSO,. H, was computed to estimate the impact of
imidazole and pyridine on HER, Figure 1g. During the
initial scan, 2M ZnSO, exhibited H, release of 0.644 pV's.
Importantly, this is 2.6 times greater than H, release for
pyridine-ZnSO, (0.247 uV's) and 1.8 times greater than H,
release from imidazole- ZnSO, (0.364 uVs). In continuous
plating, the difference between H, release from 2 M ZnSO,
electrolyte, imidazole- ZnSO, and pyridine-ZnSO, is more
apparent. With continuous growth in plating time, the 2 M
ZnSO, electrolyte increased continuously before 2 h, reach-
ing a maximum release of H, of 1.08 uVs and remained
balanced in subsequent scanning from the eighth scan, and
fluctuated between 0.9 to 1.1 pVs. The release of H, from
imidazole-ZnSO, and pyridine-ZnSO, electrolyte during the
3h of plating is significantly less than for 2M ZnSO,
electrolyte and kept relatively stable from fluctuations with,
pyridine-ZnSO,: 0.349 to 0.149 uV's; imidazole-ZnSO,: 0.364
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to 0.187 uVs. These findings of stable and low H, release
confirm the inhibitory effect of pyridine and imidazole on
HER. It is concluded therefore that addition of imidazole
and pyridine are practical pH buffers that regulate change of
pH in the electrolyte, and inhibit HER and corrosion
through formation/release of N—H bonds.

In addition to regulating the pH of electrolyte and
inhibiting HER, the organic pH additive pyridine or
imidazole, also suppresses dendrite growth and induces
uniform Zn deposition. The deposition morphology for Zn
metal depends significantly on initial nucleation behaviour
in the electrodeposition. To determine the nucleation
potential of different electrolyte therefore, cyclic voltamme-
try (CV) test was used in a three-electrode configuration. As
is seen in Figure 2a, when scanning in the positive direction,
the potential at point D is called “cross potential”, which is a
typical characteristic of the nucleation. Point A/B/C where
Zn** begins to be reduced on the electrode is the nucleation
overpotential (NOP). Compared with 2M ZnSO,, the
addition of imidazole increased NOP by 6 mV, whilst the
addition of pyridine increased it by 28 mV. It is widely
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acknowledged that the greater the nucleation overpotential,
the smaller the nuclear radius is and the smaller the grain-
size for the deposited Zn. This leads a uniform deposition of
Zn.'" Therefore, compared with ZnSO,, the addition of
imidazole and pyridine has a positive effect on uniform
deposition of Zn. To establish the effect of pyridine-ZnSO,
and imidazole-ZnSO, electrolyte on Zn nucleation, chro-
noamperometry (CA) was used, Figure 2b. When —-12V
overpotential was applied, the current response of the three
electrolytes within 10 s is attributed to the initial nucleation
of Zn. With increase in time, 2M ZnSO, exhibited a
continuous increase in current density within 300 s, which is
attributed to expansion of Zn deposition area because of
significant Zn diffusion and formation of dendrite(s).
However, in imidazole-ZnSO, and pyridine-ZnSO,, the
current remained stable during subsequent plating because
of the overlap of Zn growth centres especially in pyridine-
ZnSO, where the current response became stable following
50s. It can be reliably concluded therefore that dense and
smooth Zn deposition is more readily achieved in pyridine-
ZnSO, and imidazole-ZnSO, than with 2M ZnSO,. To
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Figure 2. Regulation of Zn deposition and suppression of dendritic growth. a) Cyclic voltammograms (CVs) for Zn nucleation in pyridine-ZnSO,,
imidazole-ZnSO, and 2 M ZnSO,. b) Chronoamperograms (CAs) for Zn metal in pyridine-ZnSO,, imidazole-ZnSO, and 2 M ZnSO,,. In-situ optical
microscopy of Zn plating at current density 2 mAcm ™ at 0, 5, 10, 15 and 20 min in ¢) 2 M ZnSO,, d) imidazole-ZnSO, and e) pyridine-ZnSO,. SEM
image of Zn anode after cycled at 1 mAcm™in f) 2 M ZnSO,, g) imidazole-ZnSO, and h) pyridine-ZnSO,. i) XRD pattern for cycled Zn anode in

2 M ZnSO,, pyridine-ZnSO, and imidazole-ZnSO,. j) Computed adsorption energy for N atom in water, imidazole and pyridine on Zn (002) plane
and Zn (101) plane. k) Computed surface energy for N atom in imidazole and pyridine on Zn (002) plane and Zn (101) plane.
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confirm this, in-situ optical microscopic observations were
undertaken view the deposition of Zn (Figure S9). As is
shown in Figure 2¢c, for 2M ZnSO, electrolyte, heteroge-
neous nucleation appeared in initial Zn deposition, and with
the increase of time, Zn?* were deposited around the site of
the deposited Zn tip, resulting in growth of dendrites.
However, for imidazole-ZnSO, and pyridine-ZnSO,, deposi-
tion of Zn is relatively uniform, Figures 2d, e. During 20 min
of electroplating, there was no apparent dendritic growth,
evidencing that imidazole-ZnSO, and pyridine-ZnSO, are
conducive to homogenization of nuclear sites and inhibit
growth of dendrites. SEM was used to establish the differ-
ence in Zn deposition under different electrolyte. As shown
in Figure 2f, Zn anode in 2M ZnSO, exhibits irregular,
clustered Zn deposition. However, in imidazole-ZnSO, and
pyridine-ZnSO,, the deposition of Zn is dense and uniform,
especially in pyridine-ZnSO,, with Zn exhibiting sheet-shape
stacking in significant contrast to the irregular deposition for
ZnSO,, Figures2g, h. At low magnification, it is more
readily seen that irregular deposition of 2 M ZnSO, on Zn
anode produces different deposition forms under the same
electrode foil (Figure S10). X-Ray Diffraction (XRD) was
used to determine corrosion on the Zn anode following
100 h cycling at 1 mAcm™, 1 mAhcm™, Figure 2i. XRD
peaks of 8.5°, 17.1° and 25.8° were observed with 2 M ZnSO,
electrolyte, that are attributed to by-products of Zn,SO,
(OH)4H,0 (PDF# 00-004-0673). The signal peaks for by-
products are significantly weaker in pyridine-ZnSO, and
imidazole-ZnSO,, which evidences that imidazole and
pyridine provide protection for Zn anode and inhibit
accumulation of by-products. Additionally, the XRD find-
ings evidenced that the Zn deposited on the pyridine-ZnSO,
electrolyte at the peak of (002) at 20=36.2° is significantly
stronger than (100), and more than (101) diffraction. This is
not similar to the intensity of the diffraction peaks detected
by 2M ZnSO, and imidzole-ZnSO,. The change in main
peak intensity means that the differences in electrolyte
affect the preferred orientation of Zn deposits, which is
similar evidence from SEM findings. With N atoms in the
additive, differing additive structures produce differing
preferred orientations for Zn deposition. Density functional
theory (DFT) computations were used to determine why
imidazole and pyridine have different Zn deposition orienta-
tions with similar N heterocyclic compound structures. The
preference for Zn facet deposition is closely related to
adsorption energy and surface energy, Figures?2j, k. The
adsorption of H,O on the Zn slab, —0.26 eV in (002) or
—0.32 eV in (101) facet, was found to be weaker than that
for pyridine or imidazole, evidencing that pyridine or
imidazole molecules are preferentially adsorbed on the
surface of Zn so as to inhibit uncontrolled 2D diffusion and
facilitate uniform and compact Zn deposition. This is
evidenced in the SEM image, Figures 2f-h. Additionally,
pyridine adsorption is stronger in (101) facet (—0.72 eV)
compared with (002) facet (—0.69 eV). However, the effect
on the surface energy with pyridine adsorption is found to
be significantly stable in (002) facet (0.27 eV) than that in
(101) facet (0.46 eV). Surface energy explains the stability of
the surface, namely, the lower the value the more stable the
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surface configuration. This will give a dominant (002)-
pyridine interaction.”! The adsorption of imidazole is strong
in (101) facet (—0.68 eV), much stronger than in (002) facet
(—0.44 eV). However, the surface energy for imidazole-
surface interaction expends significant surface energy for
(101) facet (0.46 eV), therefore it is possible that there is
imidazole-surface interaction in (002) because it has signifi-
cantly lower surface energy (0.30eV). Two peaks for
imidazole/pyridine-surface interaction were observed in
both (002) and (101) facet because of combination of surface
energy and adsorption energy. However, the competing
factor between these two needs to be considered. For
pyridine-surface interaction, the dominant interaction is
driven by the surface energy, whereas for imidazole-surface
interaction, the dominant factor is adsorption energy.
Compared with imidazole, pyridine is therefore more likely
to induce Zn deposition orientation of Zn on (002) facet, as
evidenced in experiment, Figure 2i.

Electrochemical performance, especially CE is an im-
portant parameter for electrolytes in commercial applica-
tions. Reversible plating/stripping testing of Zn was there-
fore used with Zn/Cu asymmetric batteries to determine
reversibility of Zn in different electrolytes. As is seen in
Figure 3a, the lower value CE in the first several cycles is
because of reshaped Zn coordination.!"! CEs for 2 M ZnSO,
are stable in the first 300 cycles (mean=98.6 %), but decay
rapidly in subsequent cycles because of formation of
dendrites, or by-products. In contrast Zn/Cu batteries using
pyridine-ZnSO, exhibit better CEs, and maintain a CE
mean=99.6 % for >1800 cycles. In imidazole-ZnSO,, the
mean CEs reached 99.4 %. Additionally, the increased mean
CEs for pyridine-ZnSO, and imidazole-ZnSO, exhibit
significantly better cycle reversibility, Figure3b (Fig-
ure S11). The Zn/Zn symmetric battery was used to establish
the effect of pyridine-ZnSO, and imidazole-ZnSO, on
boosting the electrochemical stability of Zn longer-term
(Figure S12). The voltage curve for Zn/Zn symmetrical
battery exhibits irregular fluctuations after cycling for 450 h
(I mAcm™2, 1 mAhcm2), and failed following 560 h in 2 M
ZnSO, (Figure S13). In contrast, the regulation of pH and
Zn deposition via electrolyte additive(s) in symmetrical
batteries with pyridine-ZnSO, and imidazole-ZnSO, exhib-
ited a stable cycling for >4000 h at 1 mAcm 2, 1 mAcm 2.
To establish requirements for potential practical application
and determine the effect of additives in electrolyte modifica-
tion, the current density and capacity were gradually
increased. Under test conditions of 2mAcm™ and
2 mAhcem™, the cycle stability for 2 M ZnSO, and modified
electrolyte exhibited an apparent gap, Figure 3c. Zn/Zn
symmetric battery circulated stably for just 200h in 2M
ZnSO,. In contrast, Zn/Zn symmetric battery circulated
stably for 800 h in imidazole-ZnSO,, and the cycle time for
symmetric battery in pyridine-ZnSO, was 16 times than that
for 2M ZnSO4, reaching some 3200 h. The cycle time for
Zn in pyridine-ZnSO, was significantly greater than that for
imidazole-ZnSO,, most likely because of the different
orientation of Zn deposition, evidencing the superiority of
Zn (002) facet deposition induced by pyridine-ZnSO,, Fig-
ure 2i. Additionally, with high current density and high
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Figure 3. Zn plating/stripping on the selected electrolytes. a) Coulombic efficiency (CE) for Zn/Cu in 2 M ZnSO,, pyridine-ZnSO, and imidazole-
ZnSO,. b) Corresponding voltage profile at selected cycles based on Zn/Cu in pyridine-ZnSO, and imidazole-ZnSO,. Comparison of long-term
galvanostatic charging/discharging of Zn/Zn symmetric cell in 2 M ZnSO,, pyridine-ZnSO, and imidazole-ZnSO, at, respectively, current density

and capacity of, ¢) 2 mAcm™2, 2 mAhcm™?, d) 5 mAcm ™2, 5 mAhcm ™2

capacity of 5mAcm™ and 5 mAhcm 2 the pyridine-ZnSO,
supports the cycle of Zn/Zn symmetric battery for up to
600 h, which is significantly greater than for 2 M ZnSO, of
110h and imidazole-ZnSO, of 155h, Figure3d. It is
acknowledged that the electrolysis of H,O in the electrolyte
continues to intensify at high current density, accelerating
change in pH for 2 M ZnSO, electrolyte. Coupled with the
uneven deposition of Zn, this leads to a rapid short-circuit
of Zn/Zn symmetric battery in 2M ZnSO,. However,
because of the function of organic pH additives, Zn/Zn
symmetric batteries exhibited superior stability despite
‘harsh’ test conditions, Table S2. It is concluded therefore
these findings confirm the significant impact of organic pH
buffer pyridine on stabilizing pH, inhibiting occurrence of
by-products and in homogenizing Zn deposition.

Amongst aqueous Zn-ion batteries, Zn-I, full battery is
practically attractive because of, resource abundance in
seawater, high specific capacity and high discharge potential
plateau.”® A full battery of Zn-I, was therefore assembled

Angew. Chem. Int. Ed. 2023, 202303011 (6 of 10)

to demonstrate our organic pH buffer additives. As is shown
in the CV curve, Figure 4a, there is one paired reduction
and oxidation peaks in 2M ZnSO,, pyridine-ZnSO, and
imidazole-ZnSO,. Closer redox peak voltage and higher
current make that pyridine-ZnSO, and imidazole-ZnSO,
exhibit better electrochemical reaction kinetics and iodine
utilization than 2 M ZnSO, electrolyte.”™ As presented in
Figure 4b, the initial specific capacity for Zn-I, battery at
2M ZnSO, is 152.4 mAhg™" at current density 0.2 Ag™' that
increased for a period reaching a maximum of
163.3 mAhg ', to decline in subsequent cycles. Following
400 cycles the capacity decayed to 144.4 mAhg™". In contrast
the initial specific capacity for Zn-I, full battery in pyridine-
ZnSO, is 165.8mAhg . Following, specific capacity in-
creased to 180 mAhg™', and circulated stably under low
current density to maintain a good charge/discharge. The
initial specific capacity for Zn-I, full battery in imidazole-
ZnSO, of 164.1 mAhg™' was greater than that in 2 M ZnSO,
and comparable to that in pyridine-ZnSO,, however specific
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Figure 4. Electrochemical performance for Zn-I, full battery in 2 M ZnSO, and pyridine-ZnSO,. a) Cyclic voltammetry curve for Zn-I, full battery.
Cycling performance in 2 M ZnSO, and pyridine-ZnSO, at, b) 0.2 Ag™', c) 2Ag ™" and d) 10 Ag™". e) Comparison of electrochemical performance

for Zn-1, batteries in this work with reported Zn-|, batteries.

capacity decayed to 156.7 mAhg' following 480 cycles (Fig-
ure S14), which was greater than in 2 M ZnSO, but less than
that in pyridine-ZnSO,. The stability of the modified
electrolyte in Zn-I, battery was determined via increasing
the current density to 2 Ag'. The initial capacity in 2 M
ZnSO0, electrolyte was 95 mAhg ™', which is significantly less
than that in pyridine-ZnSO, of 151 mAhg . The specific
capacity for Zn-I, full battery gradually increased in 2 M
ZnSO, and decreased significantly following 1400 cycles,
Figure 4c. In contrast, the Zn-I, full battery circulated
10000 cycles in pyridine-ZnSO, and the capacity decay rate
is significantly low with a final capacity retention rate of
92 % (138.8 mAhg ' at 10000 cycles), Figure S15. Under a
current density of 2 Ag™', the initial capacity for Zn-I, in
imidazole-ZnSO, of 93.5mAhg ' is similar to that for 2 M
ZnSO,, however, it exhibited (Figure S16) a stable cycle
performance of >4000 cycles and maintained good charge/
discharge in longer cycling (Figure S17). At a greater current
density of 10 Ag™', pyridine-ZnSO, maintained ultra-high
initial capacity of 105.5mAhg™' and exhibited ultra-long
cycle performance of >25000cycles, Figure4d. The

imidazole-ZnSO, electrolyte exhibited a stable cycle of
25000 with an initial capacity of 50 mAhg' (Figure S18).
This is significantly better than the performance for Zn-I,
full battery in 2M ZnSO, of 43 mAhg™" and 17000 cycles.
In comparison with selected, representative reports, the
pyridine-ZnSO, electrolyte-based Zn-I, batteries exhibited a
superior long-term cycling performance and competitive
specific capacity, Figure 4e and Table S3.5*°I

A practical obstacle challenge with application of Zn-I,
battery is the shuttle effect of iodine. During charge I is
oxidized to I, and produces I;” intermediate in the cathode.
Some I;™ is attached to the Zn anode leading to oxidation of
Zn to Zn”*, resulting in significant Zn corrosion. I;~ reduced
by metal Zn however leads to regeneration of I~ which slows
down reoxidation of I" in the cathode. Shuttle of reciprocat-
ing I;~ accelerate consumption of Zn and reduces cycle life
of the battery. When pyridine-ZnSO, electrolyte was used in
the Zn-I, full battery, it exhibited greater capacity and
longer cycle in pyridine-ZnSO, compared with 2 M ZnSO,.
To explain this finding, in-situ UV/Vis was firstly used to
determine conversion of polyiodide compounds in battery
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charge and discharge. As seen in Figure 5b, the solubility for
I;7 in 2M ZnSO, electrolyte continued to increase with
increase in charging time. However, when pyridine was
added, the concentration of I;~ remained at a low concen-
tration, Figure 5a. The concentration of I;~ was computed in
2M ZnSO4 and pyridine-ZnSO,, Figure 5¢ (Figure S19 and
Table S4). During 20 min of charging the concentration of
I;” in pyridine-ZnSO, increased from 0.095 to 0.121 mM. In
contrast, the concentration of I;~ at the end of 2 M ZnSO,
charging was 0.321 mM, a value significantly greater than
the concentration of I;~ in pyridine-ZnSO,. Figure 5d (and
Figure S20) present the in-situ Raman spectra for the
process of charge and discharge of Zn-I, full battery in
pyridine-ZnSO, and 2M ZnSO,. The L/I" conversion for
Zn-1, battery in pyridine-ZnSO, is mainly intermediates I3~
(110 cm™) and I~ (170 cm™). As is shown in Figure 5d, the
intensity for I;~ and Iy~ in pyridine-ZnSO, gradually
increased in the initial stage of charging, whilst in the later
stage the intensity for Raman peaks of I;~ and I~ gradually
decreased until they disappeared. In discharging, the
changes in I;~ and I5~ exhibit the same trend as for charging.
The disappearance of I;” and Iy~ Raman peaks following
charge and discharge evidence complete conversion of L,/I".
However, via in-situ Raman the conversion of I,/I” in Zn-I,
battery was evidenced to be mainly intermediates of I;” in
2M ZnSO, and Raman peak intensity for I~ was low
(Figure S20), and following charge/discharge I;~ was still
present. Dominant I;~ leads to incomplete conversion of I,/
I" in 2M ZnSO,, and finally to continuous attenuation of
capacity of Zn-I, battery and short cycle life. To determine
conversion of I;~ and I~ in the electrolyte, the Enthalpy (H)
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for iodine reduction in 2 M ZnSO, and pyridine-ZnSO, was
computed, Figure Se. In 2M ZnSO, electrolyte the AH
decreases for *I, to *I; and then to *I;, evidencing
spontaneous behaviour of the conversion from *I, to *I;
(—0.17 eV) and then to *I5 (—0.53 eV). This allows signifi-
cant *I; and *I5 to exist throughout the I,/I” conversion,
resulting in an incomplete conversion of I,/I". Therefore, a
small amount of I;” remains in 2 M ZnSO, following the first
charge and discharge (Figure S20) that is in agreement with
in-situ Raman findings. In pyridine-ZnSO, electrolyte how-
ever, the conversion of *I, to *I; (+0.47 eV) is inhibited,
whilst conversion of *I, to *Is (+0.1eV) is favourable,
contributing to the relatively high concentration of *I5 in
pyridine-ZnSO, electrolyte compared to that for *I;. This is
likely the reason for the stronger peak for *I5 than *I; in the
Raman spectra, and lower concentration of *I; in UV/Vis
spectra for pyridine-ZnSO, electrolyte. The adsorption
energy for *I, in pyridine and ZnSO, were computed
(Figure S21). Pyridine exhibited stronger interactions as
evidenced by a more negative adsorption energy, facilitating
reduction of I, into *I". It is concluded therefore that
combined experiment and theoretical computation confirm
the pyridine additive suppresses formation of intermediate
(I;7) and reduces conversion barriers for I,/I", and boosts
reversibility and stability of Zn-I, batteries.

The overall mechanism for organic pH buffer additive in
Zn-1, full battery, based on the experimental and theoretical
evidence, is presented as Figure 6. The Zn-I, battery in
conventional ZnSO, electrolyte exhibits the following draw-
backs, 1) A significant number of active H,O molecules in
electrolyte will be electrolysed to H* and OH™, and

a b’ C
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Figure 5. Shuttle suppression mechanism in Zn-1, battery. a), b) In-situ UV/Vis spectra for pyridine-ZnSO, and 2 M ZnSO, during charge.
c) Evolution of I;~ concentration from in-situ UV/Vis in pyridine-ZnSO, and 2 M ZnSO,. d) In-situ Raman showing charge/discharge of 17/I,
conversion in pyridine-ZnSO,. e) Enthalpy diagram for |, reduction in pyridine-ZnSO, and ZnSO, (Super P), where * represents active site.

Angew. Chem. Int. Ed. 2023, 202303011 (8 of 10)

© 2023 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U8017 SUOLLLLOD aAIEa.D 8|dedi(dde sy Aq peusenob afe sajoie YO ‘8sn Jo Se|nl 10} Aiq1T aUIUO A1 UO (SUOTIPUOI-PUe-SWLB)/L0D A8 1M ARelg Ul jUO//:Sdhy) SUONIPUOD PUe SWie | 8U) 88S *[£202/70/92] Uo Ariqiauljuo A1 ‘luWN|Y eprepepY Jo AlsIBAINN AQ TTOS0EZ0Z ©1Ue/Z00T OT/I0p/wod As|im Akeiqpul|uo//sdny wo.j pepeojumod ‘0 ‘€22ETZST



An dte

GvCh Research Articles ettty Cherie
2M ZnSO, electrolyte Pyridine-ZnSO, electrolyte
o i ‘ ‘
l : :’ - T A
o’ o, > ; Pyridinium Pyridine e

o9 | 1 * * 8 8Os

#e oo # 1 : o S

< g: p ‘ By producti? : } ‘\_ - /7 i
AXs * Corroséﬂ } N ."' @ OH
l?' :"- b " | : ";' .U" : Hzo

& HER @ H'}ll‘ : s /ol '@l. . ® H,

| : L4 L] [ | % P

i Dendrite Growth 1’#*‘ : .5@ (".. . 420

N ’* | } [ L] . 2 4 . " IV

& }‘,‘ |I i £ 5 - -: Deposition 2 |,

Polyiodine Shuttle il ! B _ W
Corrosiong, - i 3 ’,k ?
-' 1' i ® Polyiodine Shuttle
| } B
Cathode Anode i Cathode Anode
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accumulated H* will obtain electrons in discharge and
reduce to H, resulting in corrosion of Zn anode, 2) The
release of H, leads to gradual increase in OH™ concen-
tration, and readily produces Zn,SO, (OH),nH,O by-
products passivating the Zn anode and impacting CE, 3)
The uncontrolled deposition of Zn is accompanied by
production of Zn anode by-products that leads to dendritic
growth, and; 4) The presence of high concentration of
polyiodine compounds diffuses to Zn anode through con-
centration difference resulting in self-discharge, and to
corrosion of Zn anode (I; +2e —31°, Zn-2e —Zn>").
Concurrently, in the reaction I” generated via self-discharge
with Zn reacts with I, to form I3~ (I,+I"—1I;") that consumes
more I,, and leads to decline in CE and capacity of the full
Zn-I, battery. However, in using a pH buffer solution
containing N heterocyclic compound pyridine and imidazole,
H* are bound by N that inhibits reduction of H,. With the
concentration of OH™ continuing to rise the bound H*
combines with OH™ to reduce the fluctuation of pH.
Additionally, pyridine and imidazole preferentially absorb
on Zn metal surface to suppress dendritic growth and induce
uniform deposition of Zn, especially the pyridine additive
dominated by surface energy that induces stacking deposi-
tion of Zn at (002) facet. Pyridine-ZnSO, inhibits the
conversion of polyiodine compounds and reduces the
conversion barrier for I/I” in Zn-I, full battery. The high
enthalpy for I;~ makes it difficult for I, to form I;~ in
pyridine-ZnSO, electrolyte. This inhibits the generation of
polyiodine compounds preventing the diffusion of high
concentration polyiodine compounds to Zn anode, thereby
promoting full conversion of I,/I", and reducing consump-
tion of I, and inhibiting corrosion of Zn anode. The result is
high capacity and long-life operation of Zn-I, full batteries.
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Conclusion

A new organic pH buffer containing N heterocyclic com-
pounds can be practically used as an additive to regulate pH
in conventional ZnSO, electrolyte. In-situ pH and in-situ GC
confirm that pyridine and imidazole inhibit H, evolution and
maintain stability of pH. The inhibition of H, significantly
reduces passivation of Zn anode and boosts reversibility of
Zn. Importantly, pyridine and imidazole preferentially
absorb on the Zn metal surface to result in a uniform,
dendrite-free deposition of Zn. Zn/Zn symmetric batteries
in pyridine-ZnSO, and imidazole-ZnSO, therefore exhibit
excellent reversibility and stability. In particular, a Zn/Zn
symmetric battery in pyridine-ZnSO, exhibited a stable
cycle of 3200 h at 2mAcm ™ and 2 mAhcm™2, and a cycle of
600 h at a high current density and capacity of 5 mAcm™
and 5 mAhcm 2 Significantly, pyridine and imidazole also
suppress the formation of polyiodine intermediates. The Zn-
I, full batteries in pyridine-ZnSO, and imidazole-ZnSO,
therefore exhibited greater cycle stability and greater
capacity than that in 2 M ZnSO,. We conclude that targeted
engineering of electrolyte pH using organic buffer additive
is of benefit in practical design for highly reversible and
dendrite-free and shuttle-free Zn-I, batteries, and therefore
of interest to researchers and manufacturers.
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An organic pH buffer strategy is pro-
posed. N-containing organic molecules
simultaneously control electrolyte pH,
suppress hydrogen evolution, enable
uniform Zn deposition, and inhibit shut-
tle of polyiodine compounds, achieving
highly reversible and stable, long-cycle
Zn-l, batteries.
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