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The severe Zn dendrite growth and low energy efficiency inhibit the application of Zn-air batteries (ZABs) in
energy storage. Electrolyte additives are promising to resolve these issues and improve battery performance.
Polyacrylamide (PAM) additive with abundant polar functional groups can theoretically induce a uniform Zn

;alt‘f‘g;ntt deposition and interacts with water molecules to lower the water activity but suffer from limited effect in
n-air batter . . . . - . . . . . ..
Zn anode Y practice due to low solubility. Concurrently, chaotropic anion I with a lower oxidation potential is also intro-

duced to substitute the sluggish oxygen evolution reaction (OER) with a faster iodide oxidation reaction (IOR)
during charging, contributing to a Zn-air/iodide hybrid battery with enhanced energy efficiency. However, the I"
has no effect on Zn dendrite issues. Herein, we develop a dual-additive strategy employing polymer and cha-
otropic anion simultaneously to take both their advantages but also avoid the drawbacks. I" can facilitate the
dissolution and untangling of PAM chains, which enables more functional groups to interact with Zn and water
molecules. Thanks to the synergetic effect of PAM and I', the hybrid ZAB delivers a long cycle life of 240 h with a
high energy efficiency of 74.6 % and obtains a stable Zn anode with alleviated dendrite growth and improved
utilization rate. Moreover, the rapid IOR process enables stable battery operation at -20 °C, further broadening
the application scenarios of ZABs.

1. Introduction dendrite growth, leading to low Zn utilization rate and restricted battery
lifetime [15-17].
The low energy efficiency in ZABs is primarily due to the high

charging voltage (~2 V), a result of the intrinsically sluggish four-

Advanced electrochemical energy storage technologies play a crucial
role in the way to carbon neutrality [1-4]. Among them, Zn-air batteries

(ZABs) are promising candidates due to their inherent safety, high en-
ergy density, and cost-effectiveness [5-7]. Since their birth in 1878,
ZABs have experienced 140 years of development [8,9]. Regretfully,
nowadays, apart from being employed in some tiny electronic devices,
ZABs almost disappear from the market, let alone energy storage ap-
plications [10,11]. One of the facts is the energy efficiency of ZABs is
only 60 %, which cannot meet the requirement of energy storage
(generally > 70 %) [12-14]. Another critical issue lies in the Zn metal
inevitably suffers from parasitic hydrogen evolution reaction (HER) and
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electron oxygen evolution reaction (OER) process [18,19]. Despite
huge efforts to enhance the OER catalytic activity, the charging voltage
still failed to lower below 1.9 V [20,21]. Recently, researchers thought
out of the box to employ reaction modifiers (RMs) with lower oxidation
potential and faster kinetics to substitute the OER process [22,23]. This
way, the ZAB converts to a Zn-air/RM hybrid battery, allowing the
charging voltage to be reduced to ~1.7 V, and achieving an energy ef-
ficiency of over 70 % [24,25].

Although these RMs can switch the cathodic reaction and improve
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the battery energy efficiency, there is no report claiming they are able to
address the Zn side issues (Scheme 1). To alleviate the dendrite growth
and parasitic HER, researchers have proposed various strategies to sta-
bilize the Zn anode, including battery structure optimization, anode
modification, and electrolyte additive engineering [26-28]. Among
these strategies, introducing electrolyte additives is considered simple
and low-cost [29]. Soluble polymer additives are particularly attractive
because of their plentiful hydrophilic functional groups on the polymer
chains [30,31]. Theoretically, these functional groups can not only
induce a uniform Zn deposition but also interact strongly with water
molecules to mitigate parasitic HER [32,33]. Unfortunately, in practical
application, the solubility of these polymer additives is not satisfied and
most polymer chains are still in an entangled state, exposing limited
function groups and hence demonstrating limited positive effect [34].
Moreover, the swelling polymer additives with entangled chains own a
high viscosity, which further lowers the electrolyte ionic conductivity
(Scheme 1) [35]. Recently, a series of anions have been incorporated
into polymer hydrogels to modulate their mechanical properties by
affecting the solubility and aggregation state of polymer chains, which is
an application of Hofmeister effect [36]. The Hofmeister effect divides
the ion species into chaotropic ions and kosmotropic ions [37]. Chaot-
ropic ions disrupt the hydrogen bonding (HB) among water molecules
and enable the dissolution of polymer chains, whereas kosmotropic ions
induce the opposite effect [38,39]. It is also worth mentioning anions
exert a more pronounced influence than cations [40]. Consequently, the
concurrent utilization of polymers and chaotropic anions could theo-
retically yield superior results compared to the exclusive use of the
polymer additive, although requiring further validation. On the other
hand, it is also regretful that these polymer additives fail to improve the
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energy efficiency of ZABs.

Regretfully, the current reported strategies can only unilaterally
elevate the energy efficiency or stabilize the Zn anode of ZABs. The truth
is only if both energy efficiency and stable Zn anode are achieved
simultaneously can ZABs show in energy storage application. Therefore,
here we develop a dual-additive strategy for ZABs to simultaneously
achieve high energy efficiency, mitigated Zn dendrite growth, and
suppressed parasitic HER (Scheme 1). We employ polyacrylamide
(PAM) with hydrophilic amide groups as the polymer additive for sta-
bilizing the Zn anode. Concurrently, I is introduced as the RM to replace
the sluggish OER by a more rapid I" oxidation reaction (IOR) process. In
addition, I breaks the HB among water molecules and lowers the water
activity, alleviating the undesirable parasitic HER. More importantly, by
Hofmeister effect, I" interacts intimately with PAM chains and facilitates
their untangling and dissolution, leading to more exposure of polar
functional groups and reduction of electrolyte viscosity. Consequently, a
highly stable Zn anode can be achieved, accompanied by a diminished
impact on the electrolyte ionic conductivity. By the synergetic effect of
the two additives, the hybrid Zn-air/iodide battery displays a high en-
ergy efficiency of 74.6 %, an extended lifetime of 240 h, and a stable Zn
anode with alleviated dendrite growth and improved utilization rate.
Besides, the swift IOR process also enables the stable operation of the
hybrid ZABs in a -20 °C environment, further extending their application
scenarios. This dual-additive strategy offers new insights into additive
engineering and promotes the practical application of ZABs in energy
storage. It is also believed this strategy will hold significant potential for
application in various aqueous metal-ion and metal-air battery systems.
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Scheme 1. PAM and iodide dual-additive strategy for Zn-air/iodide hybrid batteries.
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2. Results and discussion
2.1. Interactions among PAM, KI, and KOH electrolyte

Generally, ZABs employ alkaline solutions as the electrolyte. Ac-
cording to the previous study, electrolytes with 4 M KOH and 2 M KI can
enable impressive electrochemical performances for ZABs, and 5 wt. %
PAM can effectively alleviate Zn side issues while much higher con-
centration PAM will harm the battery performances [22,41]. Therefore,
in this work, we select 4 M KOH, 2 M KI, and 5 wt. % PAM and denote as
KOH, KI, and PAM throughout, unless otherwise specified.

Fourier transform infrared spectroscopy (FTIR) is used to charac-
terize the PAM state in the KOH + KI + PAM electrolyte. As shown in
Fig. 1a, all the samples exhibit a strong peak at around 1600-1650 cm’!,
which indicates the O-H bending vibration of water molecules [42]. This
peak is so strong and covers the characteristic peak of the amide group
CONH,;, in PAM [43]. Since there is no functional group in the KOH + KI
solution, no other peak is observed. After dissolving PAM in KOH + KI
solution, the C-N stretching (~1441 em’!) blueshifts, and the intensity
decreases, indicating the diminish of CONHjy groups [44]. Besides, two
new peaks emerge at 1556 and 1406 cm!, demonstrating the formation
of the carboxyl group COO™ and alkalified PAM (APAM) [45]. Fig. 1b
depicts the PAM alkalinization process for a better understanding. In an
alkaline environment, CONH; partially turns to COO™ from the nucleo-
philic attacks by hydroxide ions OH" [46]. This process is also accom-
panied by the release of NH3 gas, which can be confirmed by the
continuously diffusing smell from the KOH + KI + PAM electrolyte.
According to the density functional theory (DFT) calculation in Fig. S1,
the binding energy of APAM-H,0 is much higher than that of HoO-H0,
illustrating water molecules own a strong tendency to interact with
APAM. Besides, because COO’ is more hydrophilic and has larger po-
larity than CONHpy, the binding energy of APAM-H>O is higher than that
of PAM-H0, suggesting APAM enjoy superior capability in HER sup-
pression than the pristine PAM [45].

However, the effectiveness of APAM is significantly restricted by the
entangled polymer chains. As shown in Fig. 1c, these polymer chains
aggregate together by HB from the APAM function groups, leaving very
limited space for water molecules [39]. This causes a low solubility of
APAM, which in turn leads to an increased viscosity. So far, the elec-
trolyte containing APAM cannot be regarded as a polymer solution
because the polymer swelling dominates rather than dissolution.
Moreover, since the HB network among water molecules is hardly
interrupted by the entangled APAM chains, the reduction of water ac-
tivity is limited. I' can untangle the APAM chains and enable their
dissolution. According to the Hofmeister effect, chaotropic anions like I
own a strong interaction with APAM chains, which is supported by the
DFT calculation in Fig. 1d. This strong interaction facilitates the inser-
tion of I" into APAM chains to break the inner polymeric HB network
[47]. Without the link by inner HB, the entangled APAM chains get
released, exposing more free CONH,; and COO™ functional groups to
interact with water molecules and other ions like Zn(OH)%'. The
enhanced interplay between APAM chains and water molecules by I
further enables the dissolution of APAM chains, which is called
salting-in [48]. As a result, the viscosity of the KOH + PAM + KI elec-
trolyte (untangled APAM) significantly reduced to 3129 cp from 5356 cp
of the KOH + PAM electrolyte (entangled APAM) (Fig. 1e). Corre-
spondingly, the ionic conductivity of the KOH + PAM + KI electrolyte
increases, which can be reflected in the reduced electrolyte resistance
from the alternating current (AC) impedance spectra (Fig. 1f). In addi-
tion, the decreased viscosity also helps build a more intimate
electrode-electrolyte interface and reduce the interfacial charge transfer
resistance, as displayed in the smaller radius of the semicircle (Fig. 1f)
[49]. Thanks to I', the positive effect of APAM can be unleashed and the
negative effect is diminished. Moreover, as an intrinsically chaotropic
anion, the I' itself can break the HB network among water molecules by
generating the HoO-I interaction (Fig. 1d), further suppressing the water

Energy Storage Materials 71 (2024) 103630
activity and alleviating parasitic HER [50].
2.2. Individual and synergetic effects of APAM and KI on water molecules

To gain a deeper understanding of the individual and synergetic ef-
fects of APAM and KI on water molecules, FTIR characterization is
conducted to reveal the water states in KOH, KOH + PAM, KOH + KI,
and KOH + PAM + KI electrolytes. As shown in Fig. 2a, the wide peaks
corresponding to the O-H stretching vibration of water molecules
gradually blueshift with the addition of PAM and KI. This phenomenon
indicates that either APAM or KI can interact with water molecules and
show enhanced effects when they both exist [51]. To further investigate
in what extent APAM and KI interact with water molecules, the peaks of
O-H stretching vibration are fitted and divided into three components,
namely the strong HB (at ~3230 cm'l, SHB) and weak HB (at ~3410
cm’l, WHB) among water molecules, and other bonds (at ~3570 crn'l,
OB) between water molecules and APAM/T (Fig. 2b) [52]. Fig. 2b also
provides the detailed area ratio corresponding to the fitted FTIR spectra.
With the introduction of PAM, the ratio of the OB (HB between APAM
and water molecules) just increases slightly, demonstrating the entan-
gled APAM chains expose less polar functional groups and have limited
interaction on water molecules. On the other hand, the ratio of the SHB
(HB among water molecules, the same below) also decreases marginally,
indicating the entangled APAM can hardly break the water structure.
For the KOH electrolyte with KI, it shows a greater extent in increasing
the OB (interaction between I" and water molecules) ratio and
decreasing the SHB ratio due to the strong chaotropic ability of I. When
PAM and KI are simultaneously introduced in the KOH electrolyte, ratios
of the OBs (interactions between water molecules and APAM/T) and the
SHB significantly increases and decreases, respectively. This result
demonstrates I" can unleash the potential of APAM in interacting with
water molecules and form a greater synergetic effect with APAM to
weaken the HB among water molecules. 'H nuclear magnetic resonance
(NMR) is also conducted to characterize the water structure in the above
electrolytes. As shown in Fig. 2c, 'H peaks of KOH electrolytes with
PAM, KI, and PAM + KI shift to lower fields in sequence, manifesting the
disruption of HB among water molecules also get enhanced accordingly
[52]. The results from 'H NMR spectra correspond well to the FTIR
spectra and further support that the polymer APAM and chaotropic
anion I' can generate synergetic effect to suppress the water activity.

Since ZABs are a semi-open system, the electrolyte will inevitably
evaporate from the porous air cathode. Therefore, a good water reten-
tion ability is crucial for the normal operation of ZABs. As shown in
Fig. S2, the KOH electrolyte can only retain 83 % water after exposure in
the atmosphere for a week (25 °C and 60 % relative humidity). In sharp
contrast, the optimized KOH + PAM + KI electrolyte can achieve 90 %
water retention, attributing to the depressed water activity by APAM
and KI. The lower water activity suggests the water-induced parasitic
HER is also alleviated. As the linear sweep voltammetry (LSV) curves in
Fig. 2d exhibited, the HER onset potential of the KOH electrolyte moves
to more negative region with the addition of PAM, KI, and PAM + KI.
The expanded negative part of the electrochemical stability window
decreases the risk of Hy generation on the Zn anode. Accordingly, from
the Tafel plots in Fig. 2e, the Zn anode exhibits an improved corrosion
resistance in the KOH + PAM + KI electrolyte as the most positive
corrosion potential is observed. Besides, the corrosion current density
also reduced from 0.44 mAcm™ in the KOH electrolyte to 0.30 mA cm™>
in the KOH + PAM + KI electrolyte, illustrating the corrosion on the Zn
anode decelerates. The tendency of the electrochemical results corre-
sponds well to the characterization of the water structure in these
electrolytes, demonstrating the synergetic effect of APAM and KI can
simultaneously alleviate Zn corrosion and parasitic HER by lowering
water activity.
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2.3. Individual and synergetic effects of APAM and KI on Zn dendrite

To investigate how APAM and KI will affect the Zn deposition
behavior in the KOH electrolyte, we first conduct the chro-
noamperometry (CA) of potentiostatic Zn plating at -1.8 V. As shown in
Fig. 3a, all the CA curves present an L-shape, and the current density
experiences a sudden drop from a high level and then decreases to a
relatively low range. This indicates the Zn deposition is a typical
diffusion-controlled process [53]. Fig. 3b further shows the initial period
in detail. The Zn deposition starts at a high current density but without
the process from 0 to maximum, suggesting the Zn nucleation process is
transient [53]. Within the first 0.5 s, the Zn in the KOH electrolyte de-
livers an initial current density of 161 mA cm2, indicating the nucle-
ation sites on the Zn surface are activated. For the Zn in the KOH + KI
electrolyte, the initial current density is 159 mA cm2, demonstrating the
I' will hardly affect the nucleation. However, in the case of KOH + PAM
and KOH + PAM + KI electrolytes, both initial current densities signif-
icantly decrease to 82 and 79 mA cm'2, respectively. This phenomenon is
mainly due to the strong adsorption of APAM chains on the Zn surface

(Fig. S3 and Fig. S4), reducing the surface activation of Zn nucleation.

After nucleation, the deposited Zn begins to grow. From Fig. 3b, the
current density gradually diminishes due to the overlapping diffusion
zones created by the nuclei distributed on the Zn substrate, as well as the
concentration reduction of active Zn®>* ions on the Zn surface [53]. After
~5 s, the current density converges at a constant platform. Back to
Fig. 3a, for the KOH and KOH + KI electrolytes, both the CA curves show
a distinct inflection point, after which the deposition current density
undergoes a monotonic increase. The increase manifests the Zn anode is
exposing more and more surface area owing to the porous and dendritic
metallic Zn deposition. In addition, the similar results of KOH and KOH
+ KI electrolytes also suggest that I exerts little influence in alleviating
Zn dendrite formation. This might be because Zn2" ions exist in the form
of Zn(OH)?{ in alkaline solutions hence I" can hardly affect the Zn2t
solvation structure [50]. Luckily, the PAM additive can effectively
mitigate the dendrite issue. In Fig. 3a, the KOH + PAM electrolyte dis-
plays a stable current profile without apparent increase, demonstrating
the Zn deposition is dense and uniform. After the addition of KI, APAM
chains are untangled and distributed more evenly on the Zn surface. As a
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result, the current profile of the KOH + PAM + KI electrolyte becomes
flatter. Moreover, the current density declines at the same time, indi-
cating the Zn deposition kinetics is suppressed [54]. We also notice that
the deposition curves of electrolytes without PAM show less smooth
than that of electrolytes containing PAM, which suggests the Zn dendrite
growth is more reckless without the induction of PAM.

Since the Zn deposition process is the diffusion-controlled process,
the current density and time follow the Sand equation [55]:

1
nFC(Dr)2
2

N=

j= t
where j is the current density, n is the number of electrons, F is the
Faraday constant, C is the concentration, D is the diffusion coefficient,
and t is the time. Because n, F, and C are constants, we can compare the
diffusion coefficient of Zn?" ions (D) in various electrolytes by the

experimentally acquired j and t. This will provide a supplementary un-
derstanding of how APAM and I' influence the diffusion process of Zn?*
ions. As plotted in Fig. 3c, a significant difference is observed between
the slopes with and without PAM addition. This result further suggests
the APAM chains can interact with Zn?" ions to slow down their transfer
and restrict the deposition kinetics.

From the above discussion, it is evident that the Zn deposition is
more rapid and disordered without APAM. In addition, charges tend to
accumulate at the tips of the deposited Zn, accelerating the dendrite
growth (Fig. 3d). When under the induction of APAM, the polymer
chains act as the carrier of Zn?>* transfer and enable a uniform Zn
deposition (Fig. 3e). The existence of I also amplifies the effect of APAM,
further alleviating the dendrite growth. Combined with the evidence in
suppressing water activity, we can conclude there is indeed a positive
synergetic effect of PAM and KI.
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Apart from the electrochemical illustration, the images of the
deposited Zn anode are also presented. In the case of the KOH electro-
lyte, the deposited Zn exhibits a loose state in the first 30 s and forms
severe dendrites at the end of deposition (600 s), as shown in Fig. 3f. The
increased surface area will also cause the parasitic HER to occur more
readily. In sharp contrast, the deposition in the KOH + PAM + KI
electrolyte is uniform and dense in the early stage, and no obvious
dendrite is observed after deposited for 600 s (Fig. 3g). Moreover, 3D
laser scanning microscopy is also employed to characterize the
morphology of the Zn surface. As shown in Fig. 3h, the Zn plate shows a
rough surface with distinct dendrites in the KOH electrolyte. However,
the Zn morphology in the KOH + PAM + KI electrolyte is smoother and
exhibits less fluctuation, demonstrating the dendrite formation is
significantly alleviated by the addition of PAM and KI (Fig. 3i). The
observation on the deposited Zn surface also corresponds well with the
electrochemical profiles.

Furthermore, the DFT calculation is also conducted to support the
experimental results. As shown in Fig. 3j, the interaction between Zn?*
ions and APAM is significantly stronger than that between Zn?" ions and
water molecules, indicating the Zn?* ions will be adsorbed on APAM
chains (polar functional groups), and their transfer kinetics is sup-
pressed. Moreover, according to the calculation results in Fig. S3 and
Fig. S4, APAM chains adsorb on the Zn surface by polar functional
groups, which can provide uniform electric field and Zn?" ion distri-
bution, further facilitating the uniform Zn deposition.

Finally, we fabricate a Zn//Zn symmetric cell to evaluate the cycle
stability of Zn plate in different electrolytes at 5 mA cm™ and 5 mAh cm’
2, As shown in Fig. 3k, the deposition overpotential in the KOH -+ PAM +
KI electrolyte is slightly higher than in the KOH electrolyte. Besides,
from the cathodic voltammetry scanning, a more negative Zn reduction
peak is also observed in the KOH + PAM + KI electrolyte (Fig. S5). These
phenomena can be ascribed to the adsorption of APAM on the Zn surface
and the interaction with Zn?' ijons, which consequently retards the
reckless Zn deposition. In addition, in the KOH electrolyte, the Zn anode
becomes unstable after 20 h and followed with fierce voltage fluctua-
tion, suggesting severe dendrite growth and parasitic HER process on the
Zn surface. The cell finally fails because of the short circuit by the
dendrite touch (Fig. S6). In comparison, the cell in the KOH + PAM + KI
electrolyte operates stably, extending the cycle life to over 100 h.

2.4. ZAB performances at 25 °C

From the previous study, the electrochemical reactions within Zn-
air/iodide hybrid batteries have been well illustrated as [24,56]:
Anodic reaction (discharging and charging):

Zn + 40H =Zn(OH),” + 2¢”

Cathodic reduction reaction (discharging):
O, + 2H,0 + 4" —>40H~

Cathodic oxidation reaction (charging):

21" — 2e” —I,(Electrochemical)

3I, + 60H —5I" + 103~ + 3H,0(Chemical)

During battery charging, the IOR process dominates on the cathode
because of its lower oxidation potential and faster kinetics. The I is first
oxidized as I, which is unstable in the alkaline environment and then
disproportion to I and 103. In the discharging process, the reduction of
103 can be neglected when oxygen is sufficient, indicating that the ORR
process is prominent on the cathode. As for the anode reactions, those
are the Zn dissolution and deposition.

A series of electrochemical tests are then performed to evaluate the
effect of the KOH + PAM + KI electrolyte in ZABs. As shown in Fig. S7,
for the KOH electrolyte, the LSV profile of OER starts at a high potential
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of 0.77 V vs. SCE (at 10 mA c¢cm™) and ends at a current density of 101
mA cm2. In sharp contrast, the onset potential and end current of the
KOH + PAM + KI decrease to 0.44 V vs. SCE and increase to 190 mA cm”
2, respectively. This result indicates the IOR with lower oxidation po-
tential and faster two-electron-transfer can substitute the sluggish OER
process [57]. Consequently, the charge voltage of ZABs with the KOH +
PAM + KI electrolyte (abbreviated as hybrid ZABs) also declines
correspondingly, as illustrated in Fig. 4a. By merits of KI, the charging
voltage immediately achieves a stable platform, while the ZAB using
KOH electrolyte (abbreviated as conventional ZABs) experiences a
longer period to become stable. Moreover, we also notice that the
voltage reduction at 1 mA cm? is ~0.28 V and enlarges to ~0.36 V at 20
mA cm?, demonstrating the advantage of KI in high-current fast
charging. Although KI will cause a decrease in discharge voltage due to
its adsorption on the catalytic active sites, the impact is little, and the
discharge voltages of the two ZABs are very close [24]. Thanks to the
significant reduction in charging voltage, the energy efficiency enjoys an
exceptional improvement. As presented in Fig. 4b, in the case of hybrid
ZABs, the energy efficiency reaches over 80 % at 1 mA cm2. Even at 20
mA cm?, the energy efficiency is still near 70 %. For conventional ZABs,
the energy efficiency is unable to reach 70 % at 1 mA cm’2, far from the
requirement of energy storage. Apart from the high energy efficiency,
the hybrid ZAB also displays a notably high peak power density of 110
mW em’?, very close to the conventional ZAB of 118 mW cm? (Fig. 4c).
During the discharge process, both ZABs exhibit a stable discharge
platform with an average voltage of ~1.25 V at 5 mA cm? (Fig. 4d). In
addition, the hybrid ZAB shows a higher specific capacity of ~790 mAh
g'1 (Zn utilization rate of ~96.3 %) than the conventional ZAB, indi-
cating less parasitic HER and Zn corrosion due to the depressed water
activity.

Finally, the rechargeability and cycling performance are evaluated,
as illustrated in Fig. 4e. Unlike other ZAB studies using a short-period
cycling protocol like 20 min cycle?, we employ 2 h cycle! to meet the
requirement of practical applications. For the conventional ZAB, the
charging voltage quickly rises to a high platform of ~2.1 V at 5 mA cm™,
and the cycling finally stops at ~60 h. The reason of battery failure lies
in the Pt/C catalyst deterioration under a high charging voltage, which
continuously corrodes the carbon support and causes the loss of Pt
nanoparticles. The severe carbon corrosion can also get confirmed from
the electrolyte color change from colorless to brown (Fig. S8). In sharp
contrast, the hybrid ZAB shows an impressive charging voltage of ~1.7
V and energy efficiency of 74.6 % at 5 mA cm2. Moreover, the battery
can stably cycle for over 240 h. The considerably extended cycle life
originates from the alleviation of catalyst corrosion (Fig. S8), which is
also the result of lower charging voltage by IOR as proven in our pre-
vious research [24,56]. The presented battery performances are
competitive or superior to other studies with RMs (Table S1), let alone
conventional ZABs. Further combined with the merits of alleviated
parasitic HER and dendrite formation, it is believed this dual-additive
strategy with multi-functions has great potential to facilitate the
commercialization of ZABs.

2.5. ZAB performances at -20 °C

A wider operating temperature range can further expand the appli-
cation scenarios of ZABs. Therefore, the battery performances at -20 °C
are also evaluated. Generally, in such a cold environment, the electro-
lyte may suffer from freezing, and the electrocatalytic activity declines
[58]. Luckily, both the KOH and KOH + PAM + KI electrolytes can
remain in an unfrozen liquid state because of the high alkaline con-
centration (Fig. S9) [59]. Besides, benefiting from the excellent oxygen
reduction reaction (ORR) electrocatalytic activity of Pt/C, the discharge
performances of the two batteries are hardly affected by the cold tem-
perature (Fig. 5a). However, the OER electrocatalytic activity of Pt/C is
poor and more susceptible to performance degradation in the -20 °C
environment. Hence, the conventional ZAB suffers from a noticeable
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Fig. 4. Electrochemical performances of ZABs at 25 °C. (a) Charge and discharge voltages and (b) corresponding energy efficiencies at 1, 2, 5, 10, 20 mA cm2. (c)
Discharge polarization profiles with corresponding power densities. (d) Discharge profiles at 5 mA cm2. (e) Galvanostatic cycling profiles at 5 mA cm™ and 2 h cycle’

1. The used electrolytes are KOH and KOH + PAM + KI.

increase in charging voltage (Fig. 5a), and the energy efficiency de-
creases correspondingly (Fig. 5b). However, for the hybrid ZAB, only a
slight increase in charging voltage is observed, indicating the IOR pro-
cess with fast kinetics can effectively resist the cold temperature
(Fig. 5a). Accordingly, the energy density at 10 mA cm2 is still as high as
70 %, significantly exceeding the ~54 % of the conventional ZAB
(Fig. 5b). Moreover, in the -20 °C environment, not only the power
density is retained at ~104 mW cm (Fig. 5¢) but also the average
discharge voltage is still at a high level of ~1.2 V at 5 mA ecm™ (Fig. 5d),
very close to those at 25 °C. For the crucial cycle performance, the ZAB
with KOH electrolyte fails only after 40 h due to the high charging
voltage at -20 °C (Fig. 5e). Thanks to the brilliant cold resistance of the

KOH + PAM + KI electrolyte, the hybrid ZAB starts with an energy ef-
ficiency of 73.6 % and stably operate for over 200 h, exhibiting potential
applications in extremely cold environments. Furthermore, when
compared to other documented cases of ZABs operating at -20 °C, our
hybrid ZAB exhibits superior electrochemical performances (Table S2).
It is worth mentioning that due to the test machine limitation, the
minimum testing temperature is -20 °C. However, considering the
impressive performances at -20 °C, we believe this hybrid ZAB is capable
to operate at a much lower temperature.
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1, The used electrolytes are KOH and KOH + PAM + KI.
3. Conclusion

In summary, we develop a dual-additive strategy employing polymer
and chaotropic anion for ZABs to realize multi-functions in suppressing
parasitic HER, alleviating Zn dendrite growth, and improving battery
energy efficiency. The synergistic interaction between APAM and KI
proves to be more beneficial, delivering superior results compared to the
use of either component independently. Consequently, the Zn-air/iodide
hybrid battery exhibits an extended cycle life of 240 h with a high en-
ergy efficiency of 74.6 % and a stable Zn anode. Even in -20 °C envi-
ronments, the battery maintains high performance. This strategy
provides new perspectives on additive engineering and paves the way
for the practical application of ZABs in energy storage.
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