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Abstract:

The harmless disposal of lead paste in the spent lead-acid batteries (LABs) remains an
enormous challenge in traditional pyrometallurgical recycling. Here, we introduced a
hydrometallurgical method for the recycling of the spent LABs’ waste to obtain the f-PbO as
a novel zinc ion batteries (ZIBs) active material. The obtained S-PbO exhibits ultra-flat
charge/discharge voltage platforms (0.21 mV/(mAh g!)) and stable specific capacity. During
the charge/discharge, the fS-PbO spontaneously triggers the formation of
(ZnS04)[Zn(OH)2]3-5H20 (ZHS) micro-sheets as a surface passivation layer. Moreover, the
ex-situ X-ray spectra reveal that the reversible phase transformation occurs between PbSO4 and
Pb with the assistance of ZHS by adjusting the PH value on the electrode-electrolyte interface.
The synergistic two-phase-reaction mechanism generates ultra-flat voltage platforms upon the

charge/discharge. This “energy-saving and environment-friendly” recycling route eliminates



the major source of emission of pollution particulates/gases compared to the traditional
pyrometallurgical recycling, while at the same time replacing energy-consuming and

environmentally detrimental processes of synthesis of current ZIBs cathodes.

Keywords: Aqueous zinc ion battery, Hydrometallurgical battery recycling, Lead oxide,
Ultra-flat voltage platform

1. Introduction

In the past few decades, lithium-ion batteries (LIBs) have been widely explored and used
because of their higher energy density compared to other secondary batteries [1-5]. However,
the processing costs, safety issues, limited lithium resources, and environmental issues caused
by spent LIBs have caused many concerns [6,7]. To alleviate the reliance on lithium-ion
batteries, scientists have renewed interest in alternative energy storage devices [8-12],
especially developing the aqueous rechargeable batteries (ARB) due to their low cost and high

operational safety [13-15].

Among these aqueous rechargeable batteries, zinc ion batteries (ZIBs) which have good water
compatibility, natural abundance and low redox potential (—0.76 V vs. SHE), are particularly
attractive [16-18]. To date, the cathode materials for aqueous zinc-ion batteries mainly include
manganese-based oxides (MnO» with different crystal structures [19-22], Mn2O3 [23], Mn3O4
[24,25], ZnMnyO4 [26]), vanadium-based oxides (VO [27], V205 [28,29], Nao.33V20s5[30],
Cap25V205-nH2O [31], LiV3Os [32], Zn2V207 [33]), Prussian blue analogs [34], and
polyanionic compounds [35]. The capacity of manganese-based oxides is restricted by
manganese dissolving [19], and Zn** diffusion inside vanadium-based oxides is affected by the
strong electrostatic interaction between divalent Zn** ions and the host lattice [28,29,37,38].
Besides, the stable and flat charging and discharging platform, which is critical to the battery
power output and energy density [39-41], has rarely been observed in these cathode materials.
More significantly, the synthesis of these materials requires either energy-consuming
calcination processes or wet-chemical synthesis methods with potential water pollution.
Synthesizing the ZIB materials with a stable output voltage platform and performance by

environment-friendly methods remains a substantial challenge.
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The ideal candidate material for high performance aqueous ZIBs should be compatible with
the aqueous electrolyte and have stable charge/discharge voltage platforms. According to the
Gibbs phase law, a battery material that shows a direct two-phase reaction between the initial
and final phases can deliver flat voltage platforms. We therefore focus on the electrode
materials of lead acid batteries (LABs) which is one of the most successful aqueous energy
storage systems based on the two-phase reaction mechanism (PbO2 <> PbSO4 for cathode and
Pb <> PbSOy4 for the anode). Significantly, to reduce the energy consumption and pollution that
may be caused by the material synthesis processes, we recovered the lead resource from lead
paste inside the spent LABs and used it as an aqueous ZIBs material. This is also significant

for LAB recycling since the lead paste is the least reusable part of spent LABs.

LABs have been widely used for backup power supplies in cell phone towers and powering
vehicle starters. As a traditional secondary battery with about 60% market share, the projected
LAB manufacturing market value was estimated to reach about 80 billion by 2026 [42,43].
However, nowadays, the increased consumption and production of LABs, together with various
types of battery products, are generating more waste batteries. This sharply increases the
demand for battery recycling and safe disposal. Especially, in LAB recycling, there is a growing
need to develop new recycling methods for lead paste, because the traditional pyrometallurgical
recycling route for lead paste causes serious environmental pollution as well as health impacts
on the human body due to lead exposure [44]. Although the environment more friendly
electrowinning method has been introduced as an alternative for the desulfuration of lead
sulfide in lead paste, the high energy consumption during the electroextraction hinders its
further promotion. By contrast, it is worth mentioning that the desulfuration of lead sulfide can
be effectively achieved by using an alkaline/acid solution as the leaching agent in the
hydrometallurgical process [43]. Introducing the hydrometallurgical LAB recycling process to
produce new energy storage materials has been reported before. For example, the recovered
and recycled lead compounds have been applied as active cathode/anode materials in various

types of batteries, including lead-carbon batteries [45] and Li-S batteries [46]. But to the best



of our knowledge, no studies have attempted to apply the recycled byproduct of spent LABs

as novel ZIBs materials.

In this work, we introduced a one-step hydrometallurgical conversion method to obtain the /-
PbO from the lead paste in spent LABs. The obtained f-PbO/Zn cell using an aqueous ZnSO4
electrolyte was first validated as an electrochemical active and reversible system. The f-PbO
electrode exhibits a stable charge/discharge platform and the discharge specific capacity up to
80 mAh g at 1A g! during the 200 cycles. In addition, the charge transfer mechanism was
studied in detail by ex-situ X-rays Diffraction (XRD), X-ray photoelectron spectroscopy (XPS)
and in situ pH meter. This work provides a new perspective for sustainable materials as new

ZIBs active materials.

2. Experimental section

2.1 Material Preparation.

The lead acid battery (CAMEL GROUP CO, China) was charged and discharged at 1using
the LANHE CT2001A battery test system within a voltage window of 3-5 V. We cycled the
lead-acid battery until the battery is completely attenuated (Supplementary Information, SI,
Figure S1). Subsequently, following the industrial recycling routine, the spent lead-acid battery
was crushed into pieces and then inserted into a vat, in which the heavy materials and lead
dropped to the bottom and plastic pieces floated. For the solid waste, the lead meshes/fragments
and polypropylene plastic pieces are removed using a Gauze filter and then went through the
different industrial recycling procedures, leaving the lead paste as the last waste to be further
recycled (Desulfurization). The lead paste in the fully discharged battery mainly consisted of
lead sulfide and lead oxide that was collected and dried in the oven for the subsequent
hydrometallurgical desulfurization. The NaOH solution and lead paste were mixed for
desulfurization treatment at 80°C for 100 minutes, followed by solid-liquid separation and
washing with deionized water. At the same time, the influence of NaOH concentration (0.5
mol/L, 1 mol/L, 2 mol/L) and temperature (30°C, 60°C, 80°C) on desulfurization was

investigated in detail as shown in the supplementary information, Figure S2.
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2.2 Materials Characterization.

The sample crystal structures were studied by powder X-ray diffraction (XRD) (Rigaku
MinFlex II, Cu-Ko A=1.5406A). The morphologies were investigated by field-emission
scanning electron microscopy (FESEM, HITACHI, SU-8010) equipped with an energy
dispersive spectroscopy (EDS). The surface chemistry was analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi).

2.3 Electrochemical Characterization.

The electrochemical performance was evaluated by using 2025-type coin cells. For the
PbO/Zn aqueous battery, 2M ZnSO4 was used as the electrolyte, the glass fiber membranes
were used as the separators. The zinc foils with a thickness of 0.1 mm were used as negative
electrodes. PbO electrodes were fabricated by blending PbO powder, Super P (H30253, 997%,
Alfa Aesar), and polytetrafluoroethylene (PTFE) (Sigma Aldrich) in a weight ratio of 7:2:1.
They were prepared as a sheet and then calendared on a titanium mesh (100-mesh). The
obtained mesh electrodes were dried in a vacuum oven at 80 °C for 12 h. Constant current
charge and discharge test and Galvanostatic Intermittent Titration Technology (GITT) were
performed in LAND battery testing system (LAND CT2001A), and Cyclic voltammetry (CV)
measurements were performed on CHI 760E electrochemistry workstation. Electrochemical
impedance spectra of the cells were recorded on a Zahner Zennium IM6 electrochemical
workstation in the frequency range of 10mHz to 100 kHz with an AC amplitude of 5 mV. The
slope value in the discharge curve was calculated by fitting the 2" discharge curve between the

capacity range from 5 to 105 mAh g!' under the current density of 0.1A g™!.

3. Results and discussion

3.1Hydrometallurgical recycling of spent LAB waste

Figure 1a shows the comparison of traditional pyrometallurgical recycle process flow and our
hydrometallurgical S-PbO synthesizing process flow from the spent LAB waste. We cycled the
lead-acid battery until the battery is completely attenuated, and then followed the industrial
recycling routine to separate the lead paste for further desulfurization. In the traditional

pyrometallurgical recycling, the smelting under high-temperature operation (typically
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operating at 1100-1300 °C) will lead to the generation of CO., approximately 0.55 kg CO: (kg
Pb)"' and highly toxic metal hazardous air pollutants (HAPs) [47]. While in our

hydrometallurgical procedures, the obtained powder was then added to the NaOH solution for
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Figure 1. (a) The comparison of the traditional pyrometallurgical recycling process flow of spent LABs
and the typical hydrometallurgical synthesizing process flow of f-PbO from the lead paste. (b) XRD
pattern of the lead paste before and after hydrometallurgical treatment. (¢) SEM images of the recovered
lead paste.

desulfurization treatment. The desulfurized powder can be directly used in the manufacture of
new ZIB batteries. According to the XRD patterns of the lead paste treated with different NaOH
concentrations (Figure S2a), it is found that the crystallinity of the sample becomes worse with
the increase of the concentration of NaOH desulfurizer, and some impurity’s diffraction peaks
(26=15 and 32 degrees) appear in the sample treated by 1 mol/L and 2 mol/L. Figure S2b shows
the XRD patterns of the lead paste treated at different temperatures. From the figure, one can
find that, with the increase of temperature from 30 °C to 60 °C, the diffraction peaks of impurity
phases in the obtained PbO are eliminated. At the same time, the crystallinity of the powder

treated at 60 °C is better compared with the one treated at a lower temperature. However, further
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increasing the temperature to 80 °C results in the decrease of diffraction peak intensity and full
width at half maximum (FWHM), indicating a reduced grain size in elevated temperature. By
carefully selecting the desulfurization conditions, one can obtain the PbO powder with a
smaller grain size which is essential for the high reversible capacity and coulombic efficiency.
The XRD image of the as-disassembled lead paste and desulfurized powder using optimized
conditions (80°C, 0.5mol/L NaOH) are shown in Figure 1b. From Figure 1b, one can find that
the main phase of the dismantled lead paste is PbSOs4. After the hydrometallurgical
desulfurization, the XRD of recovered lead paste shows that the main diffraction peaks match
well with the orthorhombic PbO (JCPDS File Card No.72-0094). Although a small amount (<
1 wt%) of metallic lead phase can be found in the recovered lead paste, it does not affect the
electrochemical performance of the assembled ZIB because the metallic lead phase can be
reversibly converted into another phase as discussed in the electrochemical mechanism section.
As shown in Figure S3, before desulfurization, there were Pb, O, S and C elements in the XPS
survey spectrum, and the S element disappeared after desulfurization, indicating that the lead
sulphate in the lead paste was successfully converted into PbO after desulfurization. The
recovered lead paste has a particle size of about several micrometers as shown in the SEM
images (Figure 1c and Figure S4), indicating that the simple one-step hydrometallurgical

method can produce the PbO powder with a uniform size.

3.2electrochemical performance of the obtained f-PbO

We evaluated the electrochemical activity of PbO as ZIB material as shown in Figure 2. Figure
2a shows the cyclic voltammetry curve of the Zn/PbO cell at a scan rate of 0.1 mV s™! between
the voltage window of 0.02-1.6V. The sharp reduction and oxidation peaks can be found in the
CV curve, located at 0.35V and 0.55V, respectively. After the first cathodic scan, the reduction
peak in the CV curve moved to the higher potential region, indicating the reduced electrode
polarization due to the battery activation process [48,49]. The galvanostatic discharge/charge
curves are shown in Figure 2b. The discharge platform rises from the initial 0.35 V to 0.45 V
after the first cycle which is consistent with the shifting of the CV reduction peak toward the
higher voltage region. Moreover, the platform is very stable during the subsequent discharge

process. The calculated slope value is about 0.21 mV/(mAh g!) (Figure S5). Figure 2¢c displays
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the rate performances cycled under the current densities (0.1 to 1 A g™'). From the figure, one
can find that the reversible capacities with 136, 100, 92.3, and 78.4 mAh g'! are obtained under
the current densities of 0.1, 0.3, 0.5, and 1.0 A g”!, respectively. The charge/discharge profiles
with different current densities are plotted in Figure 2d. It is found that all the charge-discharge
curves consist of a stable charge-discharge platform. Besides, the long-term stability of PbO
also has been evaluated at 1A g™ (Figure 2¢), and the battery can deliver a stable capacity
during the first 200 cycles. The charge and discharge curves of different cycles at 1A g™! current

density are shown in Figure S6. The flat platforms can be observed at each cycle.
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Figure 2. Electrochemical performances of PbO electrode. (a) CV curves at scanning rate of 0.1 mV s
I; (b) The discharge/charge curves at 0.1 A g!. (c) Rate capabilities and (d) charge/discharge curves at
different current densities. (¢) Cyclic performances at 1A g! between 0.02 and1.6 V. (f) CV curves with
scanrates of 0.1 to 1.0 mV s between 0.02 and 1.6V; (g) The corresponding plots of log(7) versus log(v)

at the redox peaks shown in (f); (h) AC impedance spectra of the PbO electrode before and after cycling.

To understand the Zn?>' storage kinetics inside the PbO cathode, the cyclic voltammetry
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measurements (Figure 2f) were conducted at different scan rates from 0.1 to 1 mV s !. Two
peaks are observed in every curve. With the increase of scanning rates, the reduction peak
moves to the lower potential direction, and the oxidation peak moves to the higher voltage
region. The relation between the peak currents (i) and scan rates (v) can be described as
following [50,51]
i = av? (1)
which can be equally written as
log(i) = blog(v) + log(a) (2)
Where b is defined as the slope of log(i) versus log(v) curve. In general, the value of b with
0.5-1 is related to the type of electrochemical process. When the b value reaches 0.5, the
electrochemical kinetic process is dominated by ion diffusion. When the value of b is 1, the
surface capacitance effect is the dominant contributor to the CV current. From Figure 2g, it can
be obtained that the b values for peak 1 and peak 2 are 0.626 and 0.529 respectively, which
means that the charge transfer is dominated by the ion diffusion process. In the Nyquist
diagrams (Figure 2h), in the high frequency region, the impedance plots for batteries before
and after the cycle are both composed of semicircles corresponding to the charge transfer
impedance (Rc). The fitting model and R values are shown in Figure S7 and Table S1, The
dramatic decrease of the R value, from about 197 ohms to 48.9 ohms, is closely related to the
battery's initial activation process. This agrees well with the increased discharge platform

voltage in Figure 2b.

3.3 Charge transfer and storage mechanism

The ultra-flat platform in the PbO electrode differs significantly from that of traditional
zinc ion batteries, which implies its charge storage mechanism should be different from the
traditional Zn>'/proton intercalation mechanism. We further performed the ex-situ XRD
measurements to understand the reaction mechanism of PbO electrodes. The ex-situ XRD
patterns recorded the electrode crystal structure at different charge and discharge states during
the first cycle as shown in Figure 3a. Initially, f-phase PbO is observed before the cell
stabilization, while only PbSO4 and (ZnSO4)[Zn(OH)2]3-5H>O (ZHS) are observed as long as
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the cell voltage entered the discharge platform at around 0.4 V. Further reduce the cell voltage,
the diffraction peaks intensity of PbSO4 are gradually reduced, and the Pb peaks intensity

increase and become the dominating phase. At the end of the first discharge, the PbSO4 phase

@ s :
N : . ' ;‘E /
N : : :l : : : : 0.532 &n
= _:1:. —_ JEI:, ,: :_L_E_ A 0506V ] 2
S [ T R S * E
> | ' H IRt \ 12
g : A . ¥ : . : EJ*: A 0.02V -g
o ] : I S S _ H a
g H I o ) : l: E . E \ : A 0361V 8
: U At b 0432V
e : : . ; 1.131V
_--.I A I.---.n--.--l-.-- i L ---‘.-— II---. i 1 " J i P
10 20 30 40 50 60 700 04 08 12 16
2 Theta (degree) Voltage(V)
(b) (©)
£1.2 | i
N ] Zn2p,,
£ 1.0 :
N ! 3 Mj\_
008 | 3 =
> | g
206 j [ S LU N
S04 £
o Pristine
502
o
0.0 : S S —
1 1 L L 1 1050 1045 1040 1035 1030 1025 1020
0 50 100 50 100 indi
Zinc state(%) Zinc state(%) Binding energyieV)
(d) Pristine (e) Discharge 0.02V (f)

2 Charge 1.6V
~Pb™ 4f, L

.~ Pb™ 4f

, Pb° 4f,,
A" ! Pb™ 4f,,

Intensity(a.u.)
Intensity(a.u.)
Intensity(a.u.)

148 146 144 142 140 138 136 148 146 144 142 140 138 136 148 146 144 142 140 138 136
Binding energy (eV) Binding energy(eV) Binding energy(eV)

Figure 3. (a) Ex-situ XRD patterns of PbO electrode at different charge/discharge stages. (b)The first
GITT cycle for Zn—PbO system. (c) Zn2p XPS spectrum of electrode surface at different cycle states
(cycle current density ~ 0.1A g™!). Pb4f XPS spectra for the (d) pristine, (e) fully discharged, and (f)

fully charged electrodes, respectively.

is fully converted as the Pb phase. By contrast, during the charging process, the PbSO4 peaks

re-appear accompanied by the decrease of Pb peak intensity. It is also worth noting that the
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reversible increase/decrease of ZHS phase diffraction peak intensity was also found within the
first cycle. The ZHS phase is sensitive to the PH value of the electrolyte, and the OH™ in ZHS
mainly comes from the self-ionization of water molecules in the electrolyte. The initial cell
stabilization process of the PbO electrode consumed H* and SO4*" to generate PbSO4, Therefore,
the consumption of H" could, in turn, generate an OH™ rich region on top of the electrode
surface, resulting in the formation of ZHS. The above results indicate that the charge storage
in the PbO electrode is based on the reversible transfer between the PbSO4 and Pb. Importantly,
this reversible transfer can only occur with the assistance of the formation and dissolution of
ZHS on the electrode surface (see detailed discussion in section 3.4). Hence, the
electrochemical reactions of the aqueous Zn/PbO batteries can be summarized below,

Battery stabilization:

PbO + 2H" +SO4*—PbSO4 + H,0 (3)
3Zn*" + 60H +ZnSO04 + SH20—~(ZnS04)[Zn(OH):]3-5H201! (4)

Positive electrode:

Charge

PbSOs + H" +2¢ < Pb+HSO« ®)
Discharge
470" + 60H +S04> + SH,0 “—— (ZnSOs)[Zn(OH)s SH:0 (©6)

Discharge
Negative electrode:

Charge
(—

Zn Zn* +2¢ (7)

Discharge

Galvanostatic intermittent titration technique (GITT) was used to study the dynamic process
and equilibrium potential of PbO during discharging and charging. Figure 3b shows the GITT
for PbO-Zn battery, with current pulses of 0.05 A g”! for 10 min followed by a relaxation step
for 30 min. From the figure, one can notice that the voltage enters a quasi-balanced state after
each pulse. Astonishingly, the quasi-equilibrium potentials during discharge and charge are
very stable, and they lie on two horizontal lines between 0.47-0.51V. The flat and stable
equilibrium platforms indicate the existence of a two-phase coexistence region [52,53]. The

small potential gap (0.04V) indicates the high reversibility and small energy barrier of PbSO4
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<> Pb transformation. Based on the ex-XRD and GITT results, one can conclude that the ultra-

flat plateau should derive from the two-phase transformation between Pb and PbSOs.

Figure 3c is the XPS spectra of Zn2p in the first discharge and charge states. Two Zn2p peaks
can be observed in the fully discharge/charge electrode, indicating the formation of ZHS on the
electrode surface. The small peak at binding energy 127.3eV should derive from the chemical
environment formed between Zn?>* and anions in the active electrode material [54] due to the
higher electronegativity. Figure S8 shows the XPS survey spectra of the PbO electrode at
pristine, discharge and charge states, Figures 3(d), () and (f) show Pb4f spectra for the pristine,
fully discharged and fully charged electrodes, respectively. For the pristine electrode, the
valence state of Pb is +2, and the peaks in the curve correspond to the binding energy position
of Pb-O(4f5/2) and Pb-O(4172) [55]. In the full discharge state, two peaks at 138.5eV (Pb4f7,2)
and 143.3eV (Pb4fs) can be assigned to metallic Pb, and the two peaks at 139.7eV (Pb4f7,2)
and 144.3eV (Pb4fsy) correspond to PbSO4[55,56]. The reduced ratio of Pb*? vs metallic Pb
in the lead element spectra confirms that Pb*? is reduced into metallic Pb during the discharge.
In the fully charged state, the Pb4f spectrum shows mainly the Pb*? signal, confirming the high
reversibility of the electrochemical transformation between the PbSO4 and Pb phases. This is
consistent with ex-situ XRD and GITT results that PbO is reduced to Pb during the first
discharge, and the subsequent conversion reaction between Pb and PbSOj4 contributes the most

Battery capacity.

3.4 The effects of ZHS on battery performance.

To further understand the role of ZHS in the charging and discharging process of the
Zn/PbO battery, we performed a detailed SEM characterization of the surface morphology of
the PbO electrode at different potentials during the first cycle (Figures 4a-g). At a discharge
voltage of ~0.43 V, many hexagonal nanosheets are observed on the electrode surface, and the
sizes of these nanosheets increase when the discharge reaches ~0.36 V. However, the
nanosheets gradually disappear at the full discharge state. During the charging process, at the

voltage platform at around 0.4 V, the numbers of nanosheets increase again, but gradually
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disappear upon the charging progresses. The SEM-EDS mapping (Figure 4h) of a typical
nanosheet shows that the Zn, O and S elements uniformly distribute inside the nanosheet,
indicating that these observed nanosheets are ZHS [57]. This is consistent with the XRD

patterns in Figure 3. It further proves the proposed reaction mechanism based on equations (6).
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Figure 4. Characterization results of PbO cathode during the first charge and discharge cycle.
(a-g) SEM images of the cathode surface at different charge and discharge states. (h) EDS
mapping of the generated ZHS nanosheets on the electrode surface.in-situ pH changes of
Zn//PbO. (i) in-situ pH changes of Zn//PbO. (j) Sketch mode of the reversible conversion with

the assistance of ZHS passivation layer.

The change of H" concentration in the electrolyte is the direct evidence of the proton reaction,
therefore in situ pH measurements were used to determine pH evolution during discharge and
charging. As shown in Figure 4i, the pH value changes continuously, from 5.07 to 4.95 during
the cathodic scan (0-70 mins) and from 4.95 to 5.07 during the anodic scan (70-140 mins). The
dramatic change in the pH of the electrolyte indicates that protons participate in the electrode
reaction, which is consistent with the previous report on MnO»/Zn system [58,59]. According

to equation (5), the conversion between the Pb and Pb?* requires a reversible accumulation and
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dissipation of protons on the electrode surface as shown in Figure 4j. It is the reversible
formation and dissolution of the ZHS solid-state interphase (SEI) layer that enables the
effective tuning of pH values on the electrode-electrolyte interface, which results in the highly
stable and charge transformation between the Pb and Pb?". As a comparison, by changing the
electrolyte from ZnSOs4 to Zn(CF3S03) to inhibit the formation of ZHS, we found that the
absence of ZHS on the PbO electrode surface can barely deliver any capacity (Figure S9). It is
also worth noting that using PbSO4 directly as the active material will also avoid the formation
of ZHS during battery stabilization. However, the PbSO4 without the ZHS suffered from
serious capacity degradation during the initial cycles (Figure S10). Therefore, based on the ex-
situ XRD and SEM observation results, one can conclude the reversible ZHS formation on the
electrode surface can effectively regulate the proton concentration on the electrode surface,
which reduced the energy barriers and enhance the reversibility of the electrochemical

conversion between Pb?" and metallic Pb.

4. Conclusion

In conclusion, we report a simple hydrometallurgical recycling method for the LAB lead paste
waste to obtain the £-PbO byproduct as a novel ZIB active material. PbO was first tested as the
active material of aqueous ZIB. The ultra-flat characteristic of charge/discharge platforms of
PbO/Zn battery was found for the first time, which can be attributed to the reversible conversion
between Pb and PbSO4 phases. Moreover, the reaction mechanism was confirmed by ex-situ
XRD, XPS, SEM and in-situ PH measurements. We found that the PbO exhibits a unique
energy storage mechanism, the conversion reaction of Pb and PbSO4 contributes most of the
battery capacity with the assistance of ZHS as SEI layer to regulate the electrode surface proton
concentrations. This work broadens the choice of electrode active materials for aqueous zinc

ion batteries and inspires searching for new materials with ultra-flatten voltage platforms.
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