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Electrolytic MnOy/Zn battery has attracted significant attention for large-scale energy storage due to its ad-
vantages of high energy density and low cost. However, the acidic electrolyte used to maintain the Mn?*/MnO,
chemistry causes severe and irreversible hydrogen evolution corrosion (HEC) on the Zn anode. Herein, we
present a scalable, metallurgical Al alloying approach to mitigate the HEC of Zn and prolong the battery’s cycle
life. Through various in situ and ex situ characterizations, it is demonstrated that the HEC on Zn-Al alloy electrode
is effectively inhibited in the acidic electrolyte with and without the electric field effect. The outstanding anti-
HEC capability of the Zn-Al alloy anode enables the electrolytic MnOy/Zn-Al battery with a high discharge
voltage of more than 1.9 V at 1 C, a more stable cycle performance, and an enhanced cycle life comparing with
the MnO2/Zn battery. Meanwhile, the experimental and COMSOL simulation results also reveal that the pref-
erential but with slow corrosion speed of Al matrix in Zn-Al alloy is the key factor to improve the anti-HEC
capability. This work exhibits the practicality of alloying strategy to produce scalable and robust Zn alloy an-
odes for the electrolytic MnOy/Zn battery in the large-scale energy storage field.

1. Introduction traditional MnO2/Zn batteries make use of only one electron redox

process of Mn**/Mn3* at the cathode, which limits their capacity to be

With the fast development of temporally intermittent renewable
energy, large-scale energy storage technologies have attracted great
interest [1-3]. Currently, lithium-ion batteries (LIBs) dominate the
power storage landscape due to their high energy density, but the key
elements of Li/Co resource reserves, safety, and environmental friend-
liness for LIBs remain as concerns [4,5]. In contrast, rechargeable
aqueous zinc ion batteries have been widely considered as one of the
excellent candidates for large-scale energy storage due to their non-
inflammability, high theoretical capacities (820 mAh g~1), and abun-
dant resource reserves [6-9]. Among various Zn ion batteries, aqueous
MnO2/Zn batteries are highly appealing due to their low cost, envi-
ronmental benignity, and various valence states of manganese
(Mn)-based oxides (Mn2+, Mn3+, Mn** and Mn’") [10]. However,

* Corresponding authors.

308 mAh g and output voltages of 1.2-1.4 V vs. Zn**/Zn [11-13].
Recently, Cui and co-workers proposed a new Mn%*/MnO, deposi-
tion/stripping chemistry with a two-electron-transfer redox reaction,
which delivered a high capacity of 616 mAh g and a high output
voltage of ~1.23 V vs. SHE [14]. Based on this electrolytic Mn2+/Mn02
chemistry, aqueous electrolytic MnOy/Zn batteries with a high theo-
retical discharge voltage of 1.99 V have been developed and attracted
much research interest recently [15-20].

Although the electrolytic MnOy/Zn battery exhibits an eye-catching
electrochemical performance, it still faces some critical challenges,
which impede its practical applications [21,22]. According to the
working principles of the electrolytic MnOy/Zn batteries [23], as shown
in the Egs. (1)-(3),
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Cathode: MnO, + 4H' + 2¢” o Mn*" + 2H,0 E’ = 123 V ¢h)
Anode: Zn*T +2¢” < ZnE® =-0.76 V (2)
Overall: MnO, + 4H" + Zn & Mn*" 4+ 2H,0 + Zn®* AE=1.99V  (3)
HEC: Zn + 2H" - Zn®* + Hy? 4

the redox reaction at the cathode indicates that an acidic electrolyte
condition can facilitate the dissolution of MnO2 during the discharge
process and thus improve the reversibility of the Mn?*/MnO, reaction
[24]. However, the acidic electrolyte is prone to trigger drastic irre-
versible HEC of Zn anode (Eq. (4)) [25], and enhances the activity of the
competing reactions of H"/H, during the Zn plating process [26,27],
which deteriorates the cycle life of battery. Besides, those side reactions
can in turn decrease the proton content in the electrolyte, which is
harmful to the reversibility of the Mn?*/MnO; reaction. These corre-
lated issues ultimately result in the degradation of electrochemical
performance particularly the cycle life of the electrolytic MnOy/Zn
battery.

To address the hydrogen evolution induced problems in the elec-
trolytic MnO2/Zn battery, many efforts have been devoted to the elec-
trolyte [28-30], cell structure design [16,17,311, and separator [32]. Liu
et al. used a weak acid of CH3COOH to replace the strong acid of H,SO4
to reduce the proton concentration in the electrolyte and to mitigate the
HEC of Zn [28]. However, the decrease of proton concentration de-
teriorates the reversibility of the Mn?*/MnO, reaction. Moreover, the Zn
still suffers HEC in the electrolyte with the CH3COOH additive. Hu et al.
designed a new battery structure to differ the pH of catholyte and ano-
lyte by ion exchange membranes [31]. Although the improved electro-
chemical performances have been achieved, protons can still pass
through the ion exchange membrane, leading to the decrease of pH of
the anolyte. Yuan et al. fabricated PVA-based proton-barrier membrane
to decouple acidic catholyte with mild anolyte [32]. The discontinuous
hydrogen bond network can effectively obstruct proton migration to
inhibit HEC of Zn. Nevertheless, the protons still pass through the proton
barrier membrane and trigger the HEC of Zn over the long-term cycle
test. Hence, it is highly desirable to fabricate an anti-HEC anode for the
applications of the electrolytic MnOy/Zn batteries.

Alloy materials have been widely used in batteries owing to their
unique properties, such as fast ion diffusion kinetics [33,34], good
air-stability [35], and anti-corrosion [36]. In the Zn-ion battery field, Zn
alloys were used to inhibit dendrite growth in the mild acidic electro-
lytes [37-39], and mitigate the corrosion in the alkaline electrolyte [40,
41]. Inspired by those progress, we screen out suitable alloying elements
according to the electrolyte condition, and exhibit a Zn-Al alloy syn-
thesized by a facile and scalable metallurgic approach to replace Zn as
the anode material for the electrolytic MnOs/Zn batteries in this study.
Comparing with metallic Zn electrode, the preferential but with slow
corrosion speed of Al matrix in Zn-Al alloy protects the Zn matrix from
the acid corrosion, and thus enhances the anti-HEC capability of Zn-Al
alloy in the acidic electrolyte. Beneficial from the anti-HEC advan-
tages of the Zn-Al alloy, the Zn-Al alloy electrode shows a longer lifespan
and higher hydrogen evolution overpotential in the acidic electrolyte.
The electrolytic MnOy/Zn battery constructed with the Zn-Al alloy
anode also presents much superior long-term cycling stability. Besides,
the facile preparation process of Zn-Al alloy can be mass-produced for
the practical large-scale energy storage applications.

2. Results and discussion
2.1. Design principles of Zn alloys as anodes
Some primary principles for Zn-based alloys have been applied to the

design of Zn anodes for the electrolytic MnOy/Zn batteries. One is that
the standard redox potential of alloying elements should be lower than
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that of Zn, because alloying elements with high standard potentials will
introduce micro-galvanic cells and accelerate the corrosion of the Zn
matrix. The second principle is that the metals of alloying elements
should have low costs for practical application, ideally lower than Zn
(Zn: ~3600 USD per ton). Hence, considering these two principles, Al
(-1.66 V vs. SHE, ~2600 USD per ton), Mn (-1.18 V vs. SHE, ~2200 USD
per ton), and Mg (-2.37 V vs. SHE, ~3700 USD per ton) were screened
out that can be potential candidates for the fabrication of Zn alloy ma-
terials. The third principle is that the metals of alloying elements should
have lower corrosion rates in the acidic solutions than that of Zn. To
compare their anti-HEC capability, the four pure metal foils, i.e., Al, Mn,
Mg, and Zn, were immersed in the acidic solution with 0.075 M H3SO4
additive. As shown in Fig. S1, many small bubbles emerged on the Zn
metal surface, implying that the HEC occurred on the Zn. As for metallic
Mn and Mg foils, severe bubbles appeared on their surfaces, indicating
that they have worse corrosion resistance than that of Zn foil in the
acidic solution. However, almost no bubbles were observed on the sur-
face of Al foil even after a prolonged immersion time, demonstrating
that metallic Al has an excellent corrosion resistant property in the
acidic conditions. Hence, Al was chosen as the alloying element for the
preparation of Zn alloy in this study.

2.2. Preparation and characterization of Zn-Al alloys

According to the phase diagram of Zn-Al system [42], the Zn-Al alloy
is composed of Zn and Al matrixes without intermetallic compound. We
applied a directional solidification approach to fabricate Zn-Al alloy,
which can improve the purity of Zn and Al matrixes, and avoid the
formation of micro-galvanic cells to improve the corrosion resistance.
The directional solidification process was proceeded by gradually
moving the molten metals out of the heating zone along one direction
and then solidifying them (Fig. 1a: Step 1). This technique was widely
used in the fields of purification [43,44] and single crystal growth [45],
suggesting the capability of scalable synthesis of the Zn-Al alloy by this
industrial mature method. According to the direction solidification
technical characteristics, a eutectic Zn-Al alloy (88% Zn and 12% Al in
atomic ratio) was chosen to obtain an even distribution of Zn and Al
matrixes in the Zn-Al alloy. Through a four-step preparation process, viz.
melting and directional solidification, slicing, rolling, and annealing
(Figs. 1a and S2), ~100 pm thick Zn-Al alloy and Zn electrodes were
synthesized (Fig. S3). The optical metallographs of the synthesized Zn-Al
alloy and Zn are shown in Fig. 1b and 1lc. Distinguished from the
metallographic structure of Zn with polygonal grains, the Zn-Al alloy
exhibits a typical eutectic structure with ordered alternating Zn and Al
lamellae. The XRD results show that the major peaks in the Zn-Al alloy
(red line) and the Zn foil (black line) correspond to the Zn phase (JCPDS
04-0831), and the weak peaks presented in the Zn-Al alloy (the
magnified images in Fig. 1d) are attributed to the Al phase (JCPDS
04-0787) (Fig. 1d). The SEM and EDS characterizations of the Zn-Al
alloy further demonstrate a uniform distribution of the alternating Zn
and Al lamellae (Fig. le). The average inter-lamellar spacing (the
thickness of Zn lamellae) of the synthesized Zn-Al alloy is ~0.94 pm, and
the detailed distribution of inter-lamellar spacing of the Zn-Al alloy is
shown in Fig. S4. In addition, a eutectic Zn-Al alloy with a larger
inter-lamellar spacing (Zn-Al-LS) was synthesized by increasing the
pulling speed during the directional solidification process. As shown in
Fig. S5, the metallographic picture indicates that the Zn-Al-LS alloy also
has a typical eutectic structure with ordered alternating Zn and Al
lamellae. The average inter-lamellar spacing of Zn-Al-LS is ~1.3 pm, and
the detailed distribution of inter-lamellar spacing of Zn-Al-LS is shown in
Fig. S6.

2.3. HEC resistance performance of Zn-Al alloy

Before evaluating the HEC resistance performance of Zn-Al alloy
electrode, the occurring reactions of Zn-Al alloy during the charging and
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Fig. 1. (a) Schematic diagram of the preparation process of Zn-Al alloy. Optical metallographs of (b) Zn-Al alloy and (c) metallic Zn after etching with Keller reagent
for 60 s. (d) XRD patterns of metallic Zn and Zn-Al alloys (the inset XRD patterns show the Al peaks of Zn-Al alloy). (e) SEM image and EDS elemental mapping of the

eutectic phase of Zn-Al alloy.

discharging process were firstly studied by a three-electrode system,
where Zn-Al alloy foils were used as working electrode and counter
electrode simultaneously, and a mercurous sulfate electrode was used as
reference electrode. A cyclic voltammogram (CV) test was implemented
in the acidic electrolyte (1 M ZnSO4 - 0.075 M H3SO4 — 0.1 M NaCl).
Comparing with Zn||Zn symmetrical cell, the CV curve of Zn-Al||Zn-Al
symmetrical cell exhibits almost the same plating/stripping transition
potential (Fig. 2a), which indicates that the reactions (Zn plating/
stripping) occurring on Zn-Al alloy electrode are the same as those of
metallic Zn electrode during the charging and discharging process. In
addition, the competing reaction of H'/H; on Zn and Zn-Al alloy elec-
trodes was evaluated by linear sweep voltammetry (LSV) test in the
acidic solution (0.075 M HySO4 — 0.1 M NacCl). As shown in Fig. 2b, the
overpotential of hydrogen evolution on the Zn-Al alloy electrode is 93
mV larger than that of the Zn electrode at the current density of 10 mA
em™2, indicating that the activity of the competing reaction of H*/H, on
anode is suppressed by using the Zn-Al alloy electrode, benefiting to
improving the efficiency of Zn deposition. The aim of removing ZnSO4
from the electrolyte for the LSV test is to eliminate the influence of
overlapping Zn deposition and Hs evolution.

As for HEC resistance performance of Zn-Al alloy electrode, various
characterizations were used to compare the differences between Zn-Al
alloy electrode and metallic Zn electrode in the conditions with and
without the electric field effect. In the presence of the electric field, the
linear polarization measurements were implemented to analyze the HEC
resistance performance of the Zn-Al alloy and Zn by LSV in the 0.075 M
HySO4 - 0.1 M NaCl solution. As shown in Fig. 2c, the fitted corrosion
current of Zn-Al alloy is 1.197 mA cm ™2, which is less than one third of
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metallic Zn (4.173 mA cm’z), indicating better HEC resistance of the Zn-
Al alloy electrode in the acidic electrolyte. In addition to the LSV test, in-
situ detection of the Hy production on Zn and Zn-Al alloy during cycling
was also implemented by gas chromatography. The in-situ detection
device is shown in Fig. S7, and the results are shown in Fig. 2d. The Zn-Al
alloy electrode delivers about one-fourth of Hy production rate of
metallic Zn electrode, demonstrating excellent anti-HCE capability of
the former during the cycling. Furthermore, the cycle performances of
Zn-Al||Zn-Al and Zn||Zn symmetrical cells were evaluated. The sym-
metrical cell was assembled in a beaker configuration with excessive
acidic electrolyte (0.075 M H3SO4 - 0.1 M NaCl - 1 M ZnSOy, i.e., the
electrodes can be completely corroded.), and the size of the electrodes
immersing in the electrolyte is 1 cm * 1 cm. As shown in Fig. 2e, the
voltage of Zn||Zn cell started to increase gradually around 1900 min due
to the severe corrosion of Zn electrode. As the cycle progresses, the
voltage increases suddenly around 2500 min, which suggests that the
metallic Zn electrodes are corroded completely, and no contact exists
between the metallic Zn electrode and the electrolyte (inset of Fig. 2e).
In contrast, the Zn-Al alloy electrodes remain intact whereas the Zn||Zn
symmetrical cell failed completely. The Zn-Al||Zn-Al symmetrical cell
delivers a stable voltage profile for more than 8000 min, which is ~4
times longer than that of the Zn||Zn symmetrical cell. In addition, the
cycle performance of Zn-Al-LS|| Zn-Al-LS symmetrical cell also delivers
3000-3500 min lifetime in the same test conditon (Fig. S8), which is still
longer than that of Zn, but is shorter than that of Zn-Al alloy with smaller
inter-lamellar spacing. The reasons for the decrease of cycling life of Zn-
Al-LS||Zn-Al-LS symmetrical cell will be analyzed later. Besides, the
cycle performance of symmetrical cells was further evaluated with a
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Fig. 2. HEC resistance performance of Zn and Zn-Al alloy electrodes. (a) Cyclic voltammogram of the Zn||Zn and Zn-Al||Zn-Al symmetrical cells. (b) HER properties
of metallic Zn and Zn-Al alloy electrodes in the acidic electrolyte. (c) Linear polarization curves of the Zn and Zn-Al alloy electrodes in the acidic electrolyte. (d) In-
situ detection of Hy production rate ratio of Zn-Al alloy electrode to the metallic Zn electrode during cycling in the acidic electrolyte. (e) Cycling performance of
symmetrical cells of Zn||Zn and Zn-Al||Zn-Al in the beaker cells with excessive acidic electrolyte at 2 mA cm~2 with the capacity of 0.5 mAh cm 2 (the inset photos
show the morphology of Zn||Zn and Zn-Al||Zn-Al beaker cells after cycling). (f) Cycling performance of Zn||Zn and Zn-Al||Zn-Al symmetrical cells assembled in the
pouch cells with limited acidic electrolyte. (g) Voltage profiles of Zn||Zn and Zn-Al||Zn-Al symmetrical cells assembled in the pouch cells.

larger areal capacity. As shown in Fig. S9, the cycle life of Zn-Al||Zn-Al
symmetrical cell is still longer than that of Zn||Zn cell. Apart from the
cycle tests in the beaker cell with excessive acidic electrolyte, the sym-
metrical cells were also assembled in the pouch cells with limited acidic
electrolyte (i.e., the electrodes cannot be corroded completely.)
(Fig. S10). Benefiting from the excellent anti-HEC capability of Zn-Al
alloy electrode, the Zn-Al||Zn-Al cell delivers a stable cycle perfor-
mance, while the Zn||Zn cell shows a huge polarization after cycling for
175 h, as shown in Fig. 2f and 2g. The reason for the huge polarization of
Zn||Zn symmetrical cell may be ascribed to the severe corrosion around
the electrode lug, leading to poor electrical contact, as shown in
Fig. S11.

As for the HEC resistance performance of Zn-Al alloy electrode in the
absence of the electric field effect, the immersion test was implemented
in the acidic electrolyte (0.075 M H3SO4 - 0.1 M NaCl - 1 M ZnSOy). The
in-situ detection of the Hy production of Zn and the Zn-Al alloy soaking in
the acidic electrolyte was carried out by gas chromatography (GC). As
shown in Fig. 3a, the Zn-Al alloy electrode delivers about one-tenth of Hy
production rate of metallic Zn electrode, implying that the speed of HEC
of Zn is ~10 times faster than that of the Zn-Al alloy in the acidic
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electrolyte under the resting condition. Apart from the GC test, the pH
changes of the electrolyte and the morphology of Zn and Zn-Al alloy
after immersing in the acidic electrolyte for 1020 min are shown in
Fig. 3b. Obviously, the Zn-Al alloy retains an intact and dense
morphology, while the metallic Zn exhibits severe corrosion. Further-
more, the pH changes of the electrolytes indicated by the pH papers also
demonstrate the excellent anti-HEC capability of the Zn-Al alloy in the
acidic environment without the electric field effect. To better under-
stand the difference in intrinsic corrosion process of Zn and Zn-Al alloy
electrodes, localized electrochemical impedance spectroscopy (LEIS)
was used to analyze the HEC process of Zn and Zn-Al alloy from the
microscopic point of view. The LEIS is considered as a semi-quantitative
and visual testing technique, which is suitable to unveil the material’s
intrinsic corrosion behaviors [46]. The schematic of the testing device in
a three-electrode system is shown in Fig. 3c, where Ag/AgCl, Pt and
Zn/Zn-Al alloy were used as reference electrode, counter electrode, and
working electrode, respectively. An acidic electrolyte composed of
0.075 M H5SO4 - 0.1 M NaCl was used for the LEIS tests to eliminate the
influence of overlapping Zn deposition and Hy evolution. As shown in
Fig. 3d and 3e, the impedance of the Zn-Al alloy is about an order of



J. Sun et al.

()

Energy Storage Materials 54 (2023) 570-578

= (b) ©
N 0.20
e Probe
E ’ﬁl’ Counter
E 0.15 Reference t electrode
: electrode |
2
Z 01090
e 9g9050,%0 ,°
§ 9% 99 0009,0,4 < o
= Epoxy resin A Working
2 lectrode
£ 0.05 ¢
= - - Wire
'g nal electrolyte |
£ 0.075 M H,SO4- 0.1 M NaCl solution
«0.00
0 20 40 60 80 100 120
Time (min)
(d)
Pt 10 a0 it
P P z
Z . 2 2 0
7’ 2 2 a0
A 50 % 0
2 2 £
&
&
+
©
s“o“ gx10 sxlﬂb 5.5E+6
o P - P
% PR % 3 % 0" %exw 4.0E+6
3 P -4 z
E 2 2 ]
[ w? ‘»" 2 2 2 25646
2 2, 40 2 0 %
z 1“‘:\‘ o 7 2%, o TS o 7 10E+6
o S
%, R
- 0.5mAh cm? 2 mA cm?
I
<
& ) ' 0000 padall 1 n 00000000 AL00800RAH AALLALLAA T W
: M
S
= ( ‘ ‘ (
> JIOY 10T 1] Y VUUVUTUUY TUUORURNO VEN WL ,j‘ AL V
——Zn||Zn
Zn-Al|| Zn-Al
-0.15 T T T T T
0 1000 2000 3000 4000 5000

6000
Time (min)

Fig. 3. () In-situ detection of H, production rate ratio of Zn-Al alloy to Zn in the acidic electrolyte without the electric field effect. (b) Photos of the corroded Zn and
Zn-Al alloy foils and the pH changes of electrolytes after immersing in the acidic electrolyte for 1020 min. (¢) Schematic of the LEIS testing device with a three-
electrode system. Localized electrochemical impedance spectroscopy tests: (d) Change of LEIS mapping of metallic Zn electrode with the immersing time
increased from 0.5 h to 2 h; (e) Change of LEIS mapping of Zn-Al alloy electrode with the immersing time increased from 0.5 h to 2 h. (f) Dynamic measurements of
Zn||Zn and Zn-Al||Zn-Al symmetrical cells with a combination of Zn stripping/plating cycling at intervals of 15 min.

magnitude higher than that of Zn, which suggests a low reactivity of the
Zn-Al alloy with protons, and the results are also consistent with the GC
tests. In terms of the different corrosion behaviors, Zn electrode exhibits
a relatively uniform impedance distribution, suggesting that the corro-
sion speed is almost the same in the entire testing area (Fig. 3d).
Meanwhile, the impedance distribution of Zn remains almost unchanged
with the increase of immersion time. Notably, a high impedance area
appeared first and then disappeared with the immersion time increased
from 1.5 h to 2 h, which may be attributed to the formation of an oxide
layer on the surface of Zn and then the etching of the oxide layer [46,
47]. As for the Zn-Al alloy (Fig. 3e), the LEIS maps show violent fluc-
tuations of the impedance distribution, possibly due to the distribution
of Al and Zn matrixes. The different corrosion resistance of Zn and Al
matrixes in the acidic solution causes the local impedance fluctuation.
Different from the unchanged impedance distribution of the Zn elec-
trode, the impedance of the Zn-Al alloy decreases with the immersion

time, which may be attributed to the continued consumption of Al
matrix in the Zn-Al alloy. Considering the HEC resistance performances
of the Zn-Al alloy and Zn electrodes with and without the electric field
effect, a dynamic measurement was performed in the beaker cell with
excessive acidic electrolyte. A combination of electrochemical strip-
ping/plating cycling (10 cycles, 2 mA cm ™2, 0.5 mAh cm™~2) at intervals
of 15 min was implemented for the symmetrical cell test. As shown in
Fig. 3f, the Zn||Zn symmetrical cell failed around ~800 min, while the
Zn-Al||Zn-Al symmetrical cell exhibited ~ 6000 min stable cycles. The
above tests demonstrate the excellent anti-HEC capability of the Zn-Al
alloy electrode in the acidic electrolyte. Therefore, an improved elec-
trochemical performance of the electrolytic MnOs/Zn battery con-
structed with the Zn-Al alloy anode can be expected.
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2.4. Electrochemical performance of MnO2/Zn-Al full cell

The advantages of the Zn-Al alloy anode were further verified in a
full cell. The electrolytic MnOy/Zn full cell was assembled in a home-
made electrolysis cell with limited Zn resources (~100 pm thick Zn/
Zn-Al foils) and limited acidic electrolyte, as shown in Fig. S12. The
cyclic voltammetry (CV) curves of the electrolytic MnOy/Zn and MnOy/
Zn-Al batteries exhibit the similar shape with two pairs of redox peaks
(Fig. 4a). The oxidation peak that starts from 1.9 V to 2.2 V vs. Zn**/Zn
is ascribed to the deposition of MnOs and the reduction peak at ~1.8 V
vs. Zn®>*/Zn is attributed to the dissolution of MnO, into Mn®" ions. The
enhanced charge and discharge currents of the MnOy/Zn-Al battery
suggest that the Zn-Al alloy is more conducive to the Zn plating/strip-
ping than the Zn [37]. The EIS results further verify that the kinetics of
Zn plating/stripping is improved by using Zn-Al alloy as the anode
material. As shown in Fig. 4b, the charge transfer resistance of the
MnOy/Zn-Al battery (3.56 Q) is lower than that of the MnOy/Zn battery
(12.35 Q). Fig. 4c and 4d show the voltage curves of the MnO,/Zn and
MnOy/Zn-Al batteries at various discharge rates. The battery was
charged at a constant voltage of 2.2 V, and the morphology of the
deposited MnO; is shown in Fig. S13. The SEM images and EDS mapping
show that the MnO, is evenly deposited on carbon felt after the charging
process. The electrodeposited MnO, was further identified by XRD
characterization as Akhtenskite phase (JCPDS 30-0820) (Fig. S13c). In
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terms of discharge, both batteries show a flat discharge plateau of higher
than 1.9 V at 1 C and higher than 1.7 V at 5 C. Moreover, the average
discharge voltages at different rates of the MnO,/Zn-Al battery are
higher than that of the MnO,/Zn battery (Fig. S14a). Benefiting from the
higher discharge voltage of the MnO5/Zn-Al battery, it delivers a higher
energy efficiency than that of the MnOy/Zn battery at various discharge
rates, as displayed in Fig. S14b. After 70 cycles of rate test (~40 h), the
macro- and the micro- morphology of the cycled metallic Zn and Zn-Al
are shown in Fig. 4e and 4f. The macro-morphology of cycled Zn dis-
plays many corroded holes (Fig. 4e-1), indicating the severe HEC on the
Zn anode during the test. Comparing with pristine Zn (Fig. 4e-2), the
SEM images of the cycled Zn anode show step-like morphology
(Fig. 4e-3/4), which is attributed to the anisotropy of the Zn metal. In
contrast, no visible corroded holes appear on the cycled Zn-Al alloy
(Fig. 4f-1), demonstrating good corrosion resistance of the Zn-Al alloy
anode in electrolytic MnOy/Zn battery. Meanwhile, the micro mor-
phologies of the cycled Zn-Al anode (Fig. 4f-4) are obviously different
from that of the cycled Zn anode. Comparing with pristine Zn-Al alloy
anode (Fig. 4f-2), the corrosion pits on the surface of the cycled Zn-Al
anode indicate that local corrosion occurred on the substrate. The EDS
mapping images of the pristine Zn-Al alloy (Fig. 4f-3) and cycled Zn-Al
alloy (Fig. 4f-4) indicate that Al matrix on the surface of Zn-Al alloy
disappeared, which suggests that the Al matrix preferentially reacts with
the protons. Notably, the difference between Fig. 1e and 4f-2 is ascribed
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to the Keller reagent alternative etching.

To examine the durability of the Zn-Al alloy anode in the full cells,
long cycle tests were carried out at different conditions, and the results
are shown in Fig. 4g and 4h. The long cycle tests were firstly imple-
mented in the home-made electrolysis cell with limited Zn resource and
acidic electrolyte. As shown in Fig. 4g, the Zn anode was severely
corroded after ~300 cycle, while the Zn-Al alloy anode kept intact even
after 500 cycles. Benefiting from the anti-HEC capability of the Zn-Al
alloy electrode, the electrolytic MnOy/Zn-Al battery delivers 86.98%
energy retentions after 500 cycles. Besides, the MnO,/Zn-Al battery also
delivers a stable cyclability of over 1000 cycles, along with an average
Coulombic efficiency over 96% and an energy retention of 85% at 5 C, as
shown in Fig. S15. Apart from cycling in the home-made cell, the long
cycle test was also operated in the beaker cell with excessive Zn resource
and limited acidic electrolyte (1 M ZnSO4 — 1 M MnSO4 — 0.1 M H2SOy4),
as shown in Fig. S16a. The electrolytic MnO2/Zn battery started to
deviate after ~150 cycles, swinging up and down around the initial
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discharge capacity, of which the trend became more obvious with
cycling (Figs. 4h and S16b). The fluctuation phenomenon is due to the
effects of HEC of Zn anode, and pH change caused by cathode reaction,
which becames more obvious as the pH value of electrolyte increases
[28]. Because of the poor anti-HEC capability of metallic Zn anode, the
protons react with metallic Zn are consumed quickly, leading to the pH
increase of electrolyte, and the more obvious fluctuation phenomenon.
In contrast, the electrolytic MnOs/Zn-Al battery presents superior
cycling stability with a 93.5% energy retention after 750 cycles. The
excellent anti-HEC capability of Zn-Al alloy can keep the electrolyte at a
relatively low pH, which not only can avoid the fluctuation phenome-
non, but also can promote the reversibility of Mn®*/MnO, reaction.
Besides, the full cell was further operated in an H-cell with limited Zn
resource and excessive acidic electrolyte (i.e., the anode can be corroded
completely, Fig. S17). As shown in Fig. 4i, the Zn anode was corroded
severely after 100 cycles, whereas the morphology of the Zn-Al alloy
anode kept intact. Due to the excellent corrosion resistance of the Zn-Al
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alloy, the cycle life of the MnO,/Zn-Al battery was increased to over 300
cycles with 93.4% energy retention, showing obvious advantages by
replacing Zn with the Zn-Al alloy as the anode materials for the elec-
trolytic MnOy/Zn battery. Apart from the MnO based battery, the Zn-Al
alloy also displayed a better electrochemical performance in a corrosive
Bry/Zn full battery due to the superior corrosion resistance capability, as
shown in Fig. S18.

2.5. COMSOL simulation

To understand the corrosion process and nature of the attenuation
mechanism of the anti-HEC capability of the Zn-Al alloy, a finite-element
method was used in COMSOL to model the corrosion process by simu-
lating the current density distribution. The 3D models of Zn-Al alloy
were constructed and shown in Fig. S19. The simulation results (Fig. 5a)
indicate that the current polarities of Al and Zn matrices are positive and
negative, respectively at the initial stage, which indicates that only the
Al matrix shows the reactivity with protons, and the Zn matrix is pro-
tected by the external electrons provided by the Al matrix. With the time
increase, however, the current density of Al matrix decreases, and the
current polarity of Zn matrix gradually changes from negative to posi-
tive, suggest that Zn starts to show reactivity with protons. The decrease
of the current density of the Al matrix is attributed to the consumption of
Al, which in turn cause the decrease of the number of external electrons
for Zn matrix protection, leading to the change of current polarity of Zn
that has gradually enhanced its reactivity with protons. Consequently, it
can be concluded that the introduction of preferential but slow corrosion
speed of Al matrix into metallic Zn mitigates the HEC reaction in the
acidic electrolyte, as the schematic diagram shown in Fig. 5b.

In addition, the simulated current density distribution of the Zn
matrix in the Zn-Al alloy with different inter-lamellar spacing is shown
in Fig. 5¢c and 5d. The difference of the scale values between Zn-Al and
Zn-Al-LS alloys indicate that the intensity of protection current density
of Zn matrix decreases with the increase of inter-lamellar spacing.
Meanwhile, the area with low protection current density increases with
the inter-lamellar spacing, which suggests an increase of the active area
reacting with protons, leading to a faster corrosion rate. In addition, the
weakened anti-HEC capability of Zn-Al-LS may be also attributed to the
aggravated non-equilibrium solidification caused by the fast pulling-rate
in the sample preparation process. The non-equilibrium solidification
leads to a difficulty in the diffusion of Zn and Al atoms, which brings
about a decrease of the purity of Zn and Al matrixes in the Zn-Al alloy
that weakens the anti-HEC capability.

3. Conclusion

In summary, we applied a scalable directional solidification strategy
to prepare Zn-Al alloys with tunable lamellar spacing to replace Zn
anode, which showed excellent anti-hydrogen evolution corrosion
property for the electrolytic MnOy/Zn battery with much improved
electrochemical performance. Various characterizations demonstrated
that the Zn-Al alloy has a better corrosion resistance than that of Zn in
the acidic electrolyte. The COMSOL simulation revealed that the Al
matrix preferentially reacts with protons and provides electrons to
protect Zn from corrosion. The excellent anti-HEC capability of the Zn-Al
alloy anode enables the electrolytic MnOy/Zn-Al battery with a more
stable and longer cycle life than that of MnO,/Zn battery in the different
battery structures. Overall, this work provides a promising Zn alloying
strategy to fabricate robust Zn-based anodes in large-scale production
for Zn batteries, which can be extended to other metal-based energy
storage devices.
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