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Preparation of recycled materials :

Spent NANFU alkaline batteries (ABs) were collected from the waste
battery recycling bins, which were further discharged to 0.8 V with the
Neware battery testing system (CT-4000) to completely release the
remaining power. The cathode materials (of spent ABs) were collected,
manually disintegrated, and denoted as spent materials (SM). In order to
remove the residual binders and alkaline in SM, the SM powders were
stirred in KOH solution (0.1M, AR, Sinopharm Chemical Reagent Co., Ltd.)
for 15 minutes and washed with diluted H,SO, solution (0.01 M). Finally,
a brownish-black precipitate (recycled materials, RM) was obtained after

being repeatedly washed (with deionized water and ethanol) and finally



dried in vacuum (60 °C).

Characterizations :

The structural information was recorded on an X-ray diffractometer
(XRD > Bruker D8 advanced) with Cu Ko radiation (A=1.5481 A). The
morphological and microstructural information was collected by using a
scanning electron microscope (SEM, FElI Quanta FEG 250) and a
transmission electron microscope (TEM, JEOL 2100). Scanning TEM
testing was performed on an FEI Tecnai G2 TF20 to collect the energy-
dispersive spectroscopy (EDS) elemental mapping results. The surface
elemental properties of the samples were analyzed by using an X-ray
photoelectron spectrometer (XPS, Thermo Fisher Scientific ESCALAB
250Xi) with Al Ka X-ray excitation source. The pH values were measured

by Lichen pH-100B meter.

Electrochemical measurement :

According to a typical electrode fabrication method, SM (or RM) powders,
acetylene black, and polyvinylidene fluoride (PVDF) were mixed with a
mass ratio of 7:2:1 in N-methyl-2-pyrrolidone (NMP) and stirred
uniformly. The homogeneous cathode slurry was pasted on a stainless-
steel foil (0.01 mm) with a thickness of 50 um and vacuum-baked at 80 °C
for 12 hours for drying. A 2032-type coin cell was assembled with a Zn

metal sheet as the counter electrode, a placing glass fiber (Whatman



Grade GF/D) as the separator, and the prepared cathode. “3 M ZnSO,”
and “3 M ZnSO, + 0.05 M MnSQO,” were used as two kinds of electrolytes
in this work. The Neware battery test system was used to confirm the
constant current charge and discharge performance under different
conditions. The potential window was limited between 1.0 and 1.8 V vs.
Zn/Zn?*, Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) analyses were performed on an electrochemical

workstation (lvium Vertex.C).
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Fig. S1 The XPS patterns in Mn 2p region of (a)FM, (b)SM, (c)RM. (d) The content ratio

of Mn3*and Mn** in FM, SM, and RM.

Fig. S1 (a-c) reveal the existence of multiple Mn valences in FM, SM, and
RM. The Mn3* peak confirms the appearance of MnO(OH) in FM and exists
in SM and RM. Mn# in both SM and RM demonstrates the formation of
deficient spinel Zn,Mn,0,. The content ratio of Mn3* and Mn** (Fig. S2d)

shows the stability of the crystal in both SM and RM.
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Fig. S2 The fresh cathode materials (FM) from a new alkaline battery without
discharge: (a) XRD patterns, (b) a SEM image, (c) a TEM image and the corresponding

SEAD pattern, (e, f) partially enlarged HRTEM images.

Fig. S2a shows that sample FM consists of MnO(OH) (JCPDS No. 88-0648),
€-MnO, (JCPDS No. 30-0820), and carbon (JCPDS No. 99-0057). The SEM
image (Fig. S2b) demonstrates that sample FM is composed of many
nano-aggregates and coral micro-particles. TEM, SEAD, and HRTEM (Fig.

S2c¢-S2f) confirm the polycrystalline characters of FM materials.



Fig. S3 The FFT pattern images of (a) Zn,Mn,0, and (b) MnO(OH).
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Fig. S4 The TEM image (a), SEAD ((1), (2)) and HRTEM (b) images of selected areas in

(a) of RM powders.

In Fig. S4, TEM and HRTEM images of RM sample show that after post-
treatment, the sample is a combination of crystalline Zn,Mn,0,, MnO(OH)
particles and crystalline graphite films, and the amorphous substance in

sample SM disappears.
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Fig. S5 The TEM (a), SEAD pattern (b), and HRTEM images (c and d) of sample SM.

The exposure of carbon in SM can be seen in Fig. S5a and Fig. S5c. The
polycrystalline characters of SM are well-revealed by the clear diffraction
rings (Fig. S5b) which show crystal planes (103) of carbon, (220) of
Zn,Mn,0,, and (301) of MnO(OH). The lattice spacings of Zn,Mn,0,(112)
and MnO(OH) (101) planes are measured to be 0.305 nm and 0.418 nm
respectively. Besides, there are many amorphous or weakly crystalline
components in SM, which can also be observed in SAED and HRTEM

images.



Table S1 The cycling performance comparison with various Zn,MnQO, cathodes.

Cyclin Current
Cathode Electrolyte yeing i Ref.
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Fig. S6 The GCD curves for different cycles of SM and RM cathodes in Fig. 3a. The CV

measurement of SM and RM in an electrolyte of 3 M ZnSO, with 0.05 M MnSQ,.

For the initial discharge curve, a more obvious plateau of Zn?* insertion
(~1.33 V) can be observed in RM cathode (Fig. S6b) rather than SM
cathode (Fig. S6a). Based on the change of the two-stage discharge curve
in Fig. S5b, the capacity increase of RM cathode before the 220% cycle
could be contributed to both H* and Zn?* intercalation s. After that cycle,
the capacity of Zn?* intercalation decreases more remarkably. Moreover,
the area covered by the CV curves of RM, especially the reduction peak of
Zn?* intercalation near 1.3V, increases significantly during the initial three
cycles, which could be another proof of the capacity increase arisen

mainly from Zn?*insertion at the beginning.
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Fig. S7 (a) Images of disassembled SM and RM batteries after 200 cycles in the 3 M
ZnS0O, electrolyte. (b) Images of disassembled SM and RM batteries after 200 cycles in

the 3 M ZnSQO, + 0.05 M MnSQ, electrolyte.

To further explore the causes of the capacity increase or decrease, we
disassembled the coin cells after 200 cycles with different electrolytes
between 1.0 and 1.8 V (vs. Zn/Zn?*). Compared with a fresh separator,
only a small amount of light brown marks appear at the edge of the
separators of both cycled SM or RM batteries in the 3 M ZnSO, electrolyte
(Fig. S7a). However, in the 3 M ZnSO, + 0.05 M MnSQ, electrolyte, obvious
brown ringed precipitations appear on both separators and cell shells of
the cycled SM and RM batteries (Fig S7b). Combined with the later

precipitates analysis and the electrochemical results under different



electrolytes, we can conclude that the cathodes will have obvious Mn?*
deposition and growth of Zn?*-containing SEl film in ZnSO, + MnSO, hybrid

electrolyte, which is similar to the previous reports.!
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Fig. S8 The cathode-free CV measurement of a carbon cloth (CC) in 3 M ZnSQO, with

0.05 M MnSQO, electrolyte (under 0.1 mV s between 1.0~1.8 V vs. Zn/Zn?*).

Furthermore, the CV curves of a carbon cloth in 3 M ZnSO, with 0.05 M
MnSO, prove that the manganese element of the deposition mostly
comes from the electrolyte. As we can see, the first CV cycle has only one
peak rather than two peaks in the next two cycles at about 1.6 V. But it
has similar two peaks in cathodic scan at about 1.41 V and 1.25 V. This
means the first cycle has a different reaction(s) at the oxidation sweep but
has the same reaction(s) at the reduction sweep. This test began with a
positive sweep which was used to obtain the evidence of manganese
deposition excluding the possible influence of a negative sweep (such as
hydrogen evolution or ion intercalation). So, the anodic scan at the first
circle can be regarded as the manganese oxide (MnO,) electrodeposited

on the carbon cloth (CC). Because this is a one-step change, only one



characteristic peak appears.'> 3 While at the cathodic scan in the first
cycle, H* and Zn?* co-inserted into manganese oxide, and then progressed
to the second cycle.'* Here, the peak at 1.25 V, which represents Zn%*
insertion, is also shifted to higher voltages when all peaks are enhanced
from the first cycle to the third cycle. This phenomenon suggests that the
ion intercalation/ deintercalation performance of freshly deposited
manganese oxide has been enhanced (especially the Zn?*). H* and Zn?* can
be completely extracted from discharge products (MnO(OH) and
Zn,Mn,0,) during the negative sweep, which makes the CV peaks of
manganese oxide at 1.6V more obvious. Specifically, those two different

reactions are manifested as the appearance of two characteristic peaks.**>

17
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Fig. S9 The further CV measurement of RM battery after 250 cycles in 3 M ZnSQO, with

0.05 M MnSQO, electrolyte under 0.1 mV s

However, the CV curve after 250 cycles of RM shows that only the
reduction peak of H* insertion was left, but the peak representing Zn?*
insertion was almost invisible, which is the reason for the capacity decay

at the later stage of the cycling test.
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Fig. S10 XRD patterns of the RM cathode before (black) and after 250 cycles (blue,

named as: RM-250) in the hybrid electrolyte (3 M ZnSQO,4 + 0.05 M MnSQ,).

Compared with RM without discharge, a new peak belonging to Zn,Mn,0,
appears around 18.5°, while the carbon peak at 26.5° becomes weaker
after 250 cycles. Combining the above results, it can be inferred that the

new manganese oxide successfully coats the carbon surface and gradually
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transforms into Zn,Mn,0,, resulting in the capacity fading.
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Fig. S11 The contribution of H* insertion and Zn?* insertion in different cycles of SM (a)

and RM (b) from Fig. 3c.

The insertion of H* at the high potential (above 1.4V) and the Zn?*
insertion at low potential (below 1.4 V). In SM (Fig. S11a), it seems that
for most cycles, more than half of the capacity is contributed by Zn?*
insertion. However, in RM (Fig. S11b), the capacity provided by H*
insertion increases rapidly and dominates after the 15™ cycle. This result
shows that the better capacity performance of RM is due to more H*
insertions. Furthermore, at the 50t cycle, the capacities of both SM and
RM are derived from H* insertion, which proves that the capacity drop is

due to the hindered insertion of Zn?*.



Fig. S12 The pH characterization of 2 mL 1 M ZnSQO, electrolyte.

In Fig. 4a, the ratio of SM / RM sample and 3 M ZnSO, electrolyte was 0.07

g powder mixed with 2 mL liquid.
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Fig. S13 The fitting model of SM and RM cathodes. An equivalent circuit (see inset) is
used to simulate the resistances, where R,, Ry, CPE1, and W represent, respectively,
the ohmic resistance of solution and electrodes, the charge-transfer resistance,

constant phase angle element and the Warburg impedance.
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Fig. S14 Determination of the b values by using the relation between the peak current

and scan rate for SM (a) and RM (b) cathodes.
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Fig. S15 The HRTEM images of the RM cathode after 50 cycles.

Compared with Fig. S4a, there is no exposed carbon could be found in Fig.
S15a. The HRTEM images demonstrate that a mixture of Zn,SO4(OH)¢-H,0

and Zn,Mn,0, were formed in the discharged RM cathode.



Fig. S16 TEM image (a), HRTEM image (b), and EDS elemental mapping (c) of the

separator in RM coin cell after 50 cycles.

As Fig. S16a shows, the separator is woven of glass fiber. EDS elemental
mapping (Fig. S16e) clearly shows that Zn,Mn,0, and Zn,SO,4(OH)e-H,0

can be found at the surface of SiO,-C glass fibers.
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Fig. S17 XRD patterns of the RM cathode before (black) and after 3 cycles (red, named

as: RM-3) in the hybrid electrolyte (3 M ZnSO, + 0.05 M MnSQ,).

Compared with the original RM cathode, two new peaks located at
around 12.2° and 24.5° appear after three cycles (Fig.S17), both of which
can be index to Zn,;SO4(OH)e-H,0 (JCPDS #39-0690). This result well proves
our conjecture and corresponds well with the measurement results of

TEM and EDS mapping (Fig.4, S15 and S16).
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