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A Low-Cost and Recyclable Mg/SOCI, Primary Battery Via
Synergistic Solvation and Kinetics Regulation

Qiuchen Xu, Shitao Geng, Bin Yuan, Meng Liao, Lei Ye, Xiaoju Zhao, Yan Wang,
Xiao Zhang, Shuo Wang, Zongtao Qu, Han Miao, Zhibin Yang, Yue Gao, Bingjie Wang,

Yongfeng Zhou, Huisheng Peng, and Hao Sun*

Lithium/thionyl chloride (Li/SOCI,) primary batteries are appealing power
solutions because of their remarkable electrochemical performances. How-
ever, their mass applications are hindered by the challenges in sustainability,
cost and safety concerns owing to the employed Li chemistry. Here, magne-
sium (Mg) chemistry is shown as a promising alternative through synergistic
optimization of electrolyte solvation and electrode reaction kinetics. The first
Mg/SOCI, primary battery yields surprisingly high specific capacities up to
=14000 mAh g™' at a decent discharge voltage of =1.67 V, which outperforms
the state-of-the-art Mg-based primary batteries. In addition, it retains almost
100% of the original capacity after 20-day reservation. The impressive battery
performances are originated from the stabilized MgCl, formation on high-
surface-area carbon cathode and suppressed Mg anode corrosion via the
Mg-induced solvation effect. Mg/SOCI, primary batteries are promising can-
didates for low-cost and recyclable power supplies, and they thus open new
avenues for the development of sustainable battery chemistries.

SOClL,Bl affording remarkable specific
capacities of over 2000 mAh g!and a high
energy density of =590 Wh kg™ in a single
discharge.! Over the past half a century,
considerable efforts have been made to
improve the discharge capacity and rate
capability of Li/SOCI, primary battery,?
making it an indispensable candidate in
a broad range of practical applications
including industrial instruments, pace-
makers, and aerospace facilities. 32!
Despite of the above advantages,
it remains challenging to make Li/SOCI,
primary batteries sustainable owing to the
employment of Li chemistry. For instance,
the low earth abundance (0.0017%) of Li
element has greatly hindered the sustain-
ability of Li/SOCI, battery, as evidenced
by the rapidly rising prices of Li-based

1. Introduction

Electrochemical energy storage devices are key building blocks
of modern electronics.l Among them, lithium /thionyl chloride
(Li/SOCI,) primary battery represents an important branch
with a global market exceeding US$ 2 billion per year, which
has been actively pursued since its invention in the 1970s.2! It
employs the catholyte comprised of SOCI, and metal chlorides
to perform the redox reaction between metallic lithium and
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raw materials in recent years.”) Moreover,

the use of highly active Li metal inevitably
raises safety concerns with cost and recycling issues in large-
scale applications.l®l Therefore, it is important to extend the
Li-based chemistry to other metal chemistries toward promoted
sustainability, safety, and recyclability.’] However, it remains
challenging to perform controllable electrochemical reactions
to the best of our knowledge, owing to the challenges in syner-
gistic regulation on the solvation effect and reaction kinetics in
highly active SOCl,-based electrolytes.

Herein, the first magnesium/thionyl chloride (Mg/SOCI,)
primary battery was developed based on synergistic solvation
and kinetics regulation. Commercially available ketjenblack (K])
carbon black and Mg metal foil are employed as the cathode
and anode, respectively, coupling with a low-cost SOCl,-based
catholyte with rational solvation regulation. The Mg/SOCI,
primary battery delivers remarkable specific capacities up to
=14000 mAh g™ (based on the KJ mass) with a flat discharge
plateau at =1.67 V, and affords decent rate capability at 50 to
2000 mA gt Additionally, it shows no capacity or voltage loss
after a 20-day reservation. We show the key factors that deter-
mine battery performances, i.e., stabilized MgCl, formation
and suppressed Mg anode corrosion via synergistic promo-
tion of reaction kinetics and Mg-induced solvation effect. The
electrodes from a “dead” Mg/SOCI, primary battery can be
readily recycled through a simple and efficient process, recov-
ering 89% and 99% of the initial capacity and discharge voltage,
respectively. As a proof-of-concept, our Mg/SOCIl, primary

© 2022 Wiley-VCH GmbH
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Figure 1. Configuration and characteristics of our Mg/SOCI, primary battery. a) Schematic illustration of a Mg/SOCI, primary battery comprised of a
KJ loaded Ni foam cathode, a Mg foil anode and an optimized catholyte comprised of 2 M AICl; and 0.8 M MgCl, dissolved in SOCl,. The scheme on
the right shows the main discharge products including MgCl, and S-based species on carbon cathode. b) Comparison on the main discharge para-
meters including voltage and specific capacity of Li and Mg/SOCI, primary batteries. c) Comparison on the earth abundance, energy density, safety,
cost-effectiveness, and processability of Li and Mg/SOCI, primary batteries. More details on the cost-effectiveness and processability are provided in

Tables ST and S2 (Supporting Information).

batteries can serve as sustainable power supplies in a variety
of practical applications with high safety, low cost, and high
recyclability.

2. Results and Discussion

In our attempt to produce Mg/SOCI, primary battery, we used a
Mg metal foil as the anode and conductive carbon black loading
on nickel (Ni) foam as the cathode in coin cells (Figure 1a). Our
electrolyte (catholyte) is 2 m AlCl; and 0.8 m MgCl, dissolved
in SOCI,. The battery experiences a primary discharge through
Mg anode oxidation into Mg?* and SOCI, catholyte reduction
into S, SO,, and CI". The discharge reaction can be described
as follows:

2Mg(s) +2SOCI, (1) — 2MgCl,(s)+S(s) + SO, (g) (1)

Compared with Li/SOCI, primary batteries, our Mg/SOCI,
primary batteries showed much higher specific capacities
of over 14000 mAh g! with a discharge voltage of 1.67 V
at 50 mA g! based on the mass of carbon under the same
condition (Figure 1b; Figure S1, Supporting Information).
Additionally, our Mg/SOCI, primary batteries showed signifi-
cant advantages in earth abundance, safety, cost-effectiveness,
and processability, as well as comparable energy densities
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over the Li/SOC], counterpart owing to the Mg-based mate-
rials and chemistry (Figure 1c; Tables S1 and S2, Supporting
Information).

The Dbattery performances were highly dependent on the
electrolyte composition. For instance, the battery using
electrolyte comprised of high-concentration (4 M) AICl; in
SOCl, (named HC-A-SOCI,) delivered both low discharge
voltage (=0.2 V) and specific capacity (2461 mAh g7) at
100 mA g (Figure 2a), because the reduction of Al,Cl~
anions derived from high-concentration AICl; that formed
metallic Al deposition on Mg anode hindered normal battery
discharge.'" By contrast, the battery based on a relatively dilute
electrolyte of 2 M AICl; in SOCI, (named A-SOCl;) demon-
strated a much higher discharge plateau (1.59 V) and specific
capacity (8258 mAh g7). Further, a dramatically increased
specific capacity of over 11000 mAh g! was achieved through
the addition of 0.8 M MgCl, salt into the A-SOCI, electrolyte
(named A-M-SOCI,). This could be attributed to the suppressed
discharge product (MgCl,) dissolution into A-M-SOCI,
electrolyte with the existence of 0.8 M MgCl,, which stabilized
the discharge product on the cathode during discharge. The
presence of Mg-based cations (e.g., MgCl* and Mg?") in the
electrolyte could also facilitate MgCl, formation kinetics
on cathode owing to their strong interactions with AICl,~
anions, ' as evidenced by the increased discharge voltage using
A-M-SOCI, electrolyte.

© 2022 Wiley-VCH GmbH
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Figure 2. Electrochemical performances of our Mg/SOCI, primary batteries. a) Galvanostatic discharge curves of Mg/SOCI, primary batteries using
HC-A-SOCl,, A-SOCl,, and A-M-SOCl, electrolytes at the same current density of 100 mA g~'. b) Galvanostatic discharge curves of Mg/SOCI, primary
batteries using A-SOCl, and A-M-SOClI, electrolytes with and without 20-day retention. The solid and dotted lines represent the curves of as-prepared
and 20-day-retention batteries, respectively. ) Raman spectra of neat SOCl,, A-SOCl,, and A-M-SOCl, electrolytes. d) Comparison on the electrochem-
ical performances of Mg/SOCI, primary batteries using K], AB, and graphite as the cathodes. e) Galvanostatic discharge curves of Mg/SOCI, primary
batteries at increasing discharge current densities from 50 to 2000 mA g'. f) Comparison on the performances of our Mg/SOCI, primary batteries
with other Mg-based primary batteries, e.g., Mg/MnO,, Mg/AgCl,®l Mg/CuCl,[5d Mg/PbCl,['>l, and Mg/Hg,Cl,.[15]

We also discovered the presence of MgCl, salt in the elec-
trolyte could benefit the retention capability of the obtained
batteries. For instance, after 20-days retention, no significant
changes were observed in both discharge voltage and specific
capacity using A-M-SOCI, electrolyte (Figure 2b). In contrast,
the MgCl,-free A-SOCI, electrolyte only retained 92.2% of the
original capacity, as well as significant voltage delay at the
initial discharging stage, indicating more severe polarization
caused by the passivation of Mg metal anode during retention.
Dissolution experiment further confirmed the importance of
electrolyte composition on retention performance (Figure S2,
Supporting Information). The Mg metal anode was completely
dissolved in HC-A-SOCI, electrolyte overnight, and the dissolu-
tion rate was =0.2 mg h™! in A-SOCI, electrolyte. In compar-
ison, the Mg anode immersed in A-M-SOCI, electrolyte showed
no significant mass loss overnight. Therefore, the relatively
low AICl; concentration, recognized as less corrosive to alkali
metals,'? is crucial to suppress the displacement of Al metal on
Mg anode. In addition, Mg-based cations induce strong solva-
tion with SOCI, molecules in the electrolyte, which effectively
reduces the reactivity of SOCl, and Mg metal corrosion. In
Raman spectroscopy, for instance, the addition of MgCl, shifted
the Al-O stretching vibration to a lower frequency from 385 to
378 cm™!, indicating the weakened Cl,SO — AICl; coordination
induced by Mg cations (Figure 2¢).®l This is also confirmed by
the shift of S-Cl symmetric stretching vibration toward lower
frequency, suggesting the strengthened coordination between
Mg cation and SOCI,. Therefore, the Mg-based solvation

Adv. Funct. Mater. 2023, 33, 2210343

2210343 (3 of 8)

effectively reduced the reactivity of SOCI,, thus suppressed
the corrosion of Mg metal. The synergistic effect is critical for
battery performance improvement, which represents a crucial
step toward practical applications.

The detailed electrolyte screening was further performed
(Figures S3 and S4, Supporting Information). For instance,
electrolytes comprised of 1, 2, and 3 m AICl; with the addition
of excess MgCl, (0.4, 0.8, and 1.2 M, respectively) for saturation.
Lower concentration of AlCl; (1 M) resulted in inferior battery
performances, e.g., a lower specific capacity and discharge
voltage of 4193 mAh g! and 1.5 V, respectively. With a higher
concentration of AlCl; (3 M), the discharge voltage increased to
1.58 V, but the specific capacity of 7962 mAh g! was lower than
11 131 mAh g of the 2 m AlICl;, indicating the importance of
the optimized AICl; concentration with a comprehensively high
ionic conductivity and suppressed discharge product dissolu-
tion. In addition, when the MgCl, concentration increased from
0.4 M to 0.8 M with the same AlCl; concentration (2 m), the dis-
charge-specific capacity increased from 8398 to 11131 mAh g
at 100 mA g!, suggesting that sufficient Mg cations are impor-
tant for the pursuit of high specific capacities and flat discharge
plateaus. Therefore, the A-M-SOCI, electrolyte with an optimal
AlCl; and MgCl, concentration of 2 M and 0.8 M was mainly
used in this work.

The electrochemical performances of the Mg/SOCI, pri-
mary batteries were further optimized via carbon cathode
optimization. Three carbon materials, i.e., ketjenblack (KJ),
acetylene black (AB), and graphite are chosen because they

© 2022 Wiley-VCH GmbH
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are commercially available. At similar mass loadings of
1-2 mg cm™?, the K] carbon was found to outperform the
other groups in both specific discharge capacity (11131 mAh g™
vs 6737 and 4252 mAh g! of AB and graphite) and voltage
(1.62 V vs 1.50 and 1.35 V of AB and graphite, Figure 2d). The
nitrogen absorption—desorption isotherms of different carbon
materials using the Brunauer-Emmett-Teller (BET) method sug-
gested that the specific discharge capacity was improved with
the increasing specific surface area and pore volume (Figure S5
and Table S3, Supporting Information). The large specific
surface area (149728 m? g™!) and pore volume (2.96 cm® g™!) of
KJ provide abundant active sites to accommodate the deposi-
tion of discharge products, which together contribute to supe-
rior battery performances.

The Mg/SOCl, primary battery showed decent rate
capability at various discharge current densities. For instance,
at 50 mA g, the battery was capable to deliver a remarkable
specific discharge capacity of 14046 mAh g! (15.6 mAh cm™)
with an average discharge voltage of =1.67 V (Figure 2e). Even
at 2000 mA gL, it could deliver a specific discharge capacity of
4465 mAh gL The rate performance of the Mg/SOCI, primary
battery was further evaluated at a variety of discharge current
densities from 50 to 2000 mA g! (Figure S6a, Supporting Infor-
mation), suggesting excellent discharge capability at a broad
range of discharge current densities. Moreover, the Mg/SOCI,
primary battery showed promoted rate capability (10000 mA g™,
11.7 mA cm™?) at 50 °C (Figure S6b, Supporting Information).

4000 mAh g™’

MATERIALS
|

www.afm-journal.de

Electrochemical impedance spectroscopy (EIS) results showed
continuously increased electrochemical impedances of the
battery during the discharge process (Figure S7, Supporting
Information), corresponding to the continuous growth of MgCl,
on the carbon cathode. With a KJ mass loading of 2-3 mg cm™2,
the Mg/SOCIl, primary battery could deliver a decent
specific capacity (8907 mAh g!) and discharge voltage (1.68 V)
at 50 mA g (Figure S8, Supporting Information). Our
Mg/SOCI, primary batteries showed advantageous discharge
voltages (over 1.6 V vs 0.95-1.55 V) and much higher specific
capacities (one to two orders of magnitude higher) compared
with state-of-the-art Mg primary batteries, e.g., Mg/MnO,,['
Mg/AgCLI®l  Mg/CuCLP  Mg/PbClL, and Mg/Hg,Cl,
(Figure 2f and Table S4, Supporting Information).l>
Understanding the working mechanism has important impli-
cations for Mg/SOCI, primary batteries. We first investigated
the morphology evolution of the carbon cathode upon varying
the discharge depths at 100 mA g.. Pristine K]J is 50-nm nano-
particles with abundant nucleation cites that could accommo-
date the deposition of MgCl, (Figure 3a; Figure S9a,b). At the
initial discharge state, the discharge products were first depos-
ited on the K] nanoparticles, and they gradually spread over the
entire surface of the carbon cathode (Figure 3b-d; Figure S10,
Supporting Information). As the main discharge product, the
generation of MgCl, was confirmed by transmission electron
microscopy (TEM), revealed by the cuboid crystals as well
as the signature lattice fringes with a d-spacing of 0.593 nm

8000 mAh g™

Figure 3. Cathode reaction of Mg/SOCI, primary batteries involves hybrid MgCl,/S chemistry. a-d) SEM images and the corresponding schematic
illustration of the discharge products on the K| cathode at increasing discharge depths. The discharge current density is 100 mA g™'. The discharge
products were first deposited on the K| nanoparticles and gradually covered the entire surface of the carbon cathode. Scale bars in a—d, 500 nm.
e) Energy dispersive X-ray spectroscopy (EDS) mapping images of the fully discharged cathode show the presence of MgCl, and S-based species.

Scale barin e, 10 um.
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Figure 4. Distribution of the discharge products on K| cathode. a, b) High-resolution XPS spectra for Mg 2p and Cl 2p of the K| cathode after fully
discharge, respectively. ) Ex situ XRD spectra of the K] cathodes at different discharge depths. d) Depth profile of MgCl;, MgCly, S, and C secondary
jon fragments obtained by sputtering and TOF-SIMS analysis of a fully discharged K] cathode. e) 3D distributions of MgCls, S, and C secondary ion
fragments constructed from TOF-SIMS depth scan of a fully discharged K| cathode. Analysis area is 100 x 100 um?. f) The corresponding cross-section
images show the depth distribution of MgCls, S, and C secondary ion fragments. g) Schematic illustration of the distribution of MgCl,, S, and C on

the cathode after fully discharged.

indexed to the (001) plane of MgCl, (Figure S9c¢,d, Supporting
Information). The diffraction spots from selected-area electron
diffraction (SAED) also indicated the generation of MgCl, on
the KJ cathode (inset of Figure S9¢c, Supporting Information).
Element mapping analysis using SEM indicated the presence of
C, S, Mg, and Cl on the Ni foam substrate (Figure 3e). Notably,
the well-overlapped Mg and Cl mapping suggested the forma-
tion of MgCl, on the KJ cathode, consistent with the stacking
cuboid and diffraction pattern of MgCl, detected in TEM. The S
was mainly distributed on the surface of carbon, verified by the
good overlapping of the S and C signals.

We showed the chemical composition of the main discharge
products on KJ cathode via X-ray photoelectron spectro-
scopy (XPS) (Figure 4a,b). The strong Mg 2p peak at 51.2 eV
confirmed the existence of Mg-CL" The pronounced Cl 2p;,
(199.2 V) and Cl 2py, (200.4 eV) peaks were index to MgCl,.[]
The crystal structural transition of the discharge products on
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cathode at different discharging states was identified by the
ex situ X-ray diffraction (XRD) (Figure 4c). When discharged to
4000 mAh g7, the intensity of the Ni foam began to decrease
with the emerging peaks at 21.8°, 29.8°, and 34.8°, which
could be assigned to MgCl,-6H,0 (JCPDS No. 74-1039) as the
MgCl, easily absorbed water in the air during measurement.
As the discharging process continued, the signal intensity of
MgCl,-6H,0 increased, indicating the continuous generation
of MgCl, on the cathode.

We further investigated the cathode reaction via time-of-
flight secondary ion mass spectroscopy (TOF-SIMS), which
reveals the evolution of secondary ion fragments as the sput-
tering proceeds in a negative mode. The detected MgCl;, MgCl,
and S secondary ion fragments are the signatures of MgCl, and
S-based species during discharge (Figure S11, Supporting Infor-
mation). It should be noted that the valence state of Mg is +2
for both ionized MgCl; and MgCl, fragments. The distribution
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of discharged products was identified by the depth profile of
selected secondary ion fragments on the cathode (Figure 4d).
The decreased content of ionized MgCl; and MgCl, fragments
with the increasing depth indicated that MgCl, was mainly
distributed on the surface of KJ carbon. In contrast, S and C
showed increasing intensities with increased sputtering depth,
suggesting that S species were mainly produced in the pores
of carbon. The detailed distribution of each fragment was
further investigated via 3D depth profiling, which visualized
that S and MgCl, were mainly distributed inside and out-
side the carbon core, respectively (Figure 4e). Combined with
the corresponding 3D depth profile cross-section images,
the results further demonstrated that S was mainly dispersed
inside the carbon (Figure 4f,g). Therefore, we showed that the
MgCl, products were mainly distributed on the surface of K]
carbon upon discharging, consistent with the SEM results in
Figure 3a—d. Besides, SOCI, diffused into the unfilled pores of
carbon to generate S, SO,, and CI". In this regard, KJ with high
specific surface area and pore volume (Table S3, Supporting
Information) is beneficial to MgCl, formation and SOCI, dif-
fusion, which enables the best battery performance. In addi-
tion, the generated SO, can be dissolved in the SOCI,-based
electrolyte, preventing battery crack or electrolyte leakage origi-
nated from severe pressure changes. We are also exploring new
electrolyte additives with strong adsorption or forming liquid
intermediate products with SO, for further stabilization of the
Dbattery pressure.

The sustainability challenge of Li/SOCI, primary batteries
can be readily overcome by our Mg/SOCI, chemistry, because
the earth abundance of Mg (> 2%) is over 1000 times higher
than Li (0.0017%)8 Additionally, raw cost estimation suggests
a much lower price of our Mg/SOCI, primary battery (=US$4
per kilowatt hour) compared with the conventional Li/SOCI,
counterpart (=US$28 per kilowatt hour), owing to the low-cost
Mg-based anode and electrolyte. We further showed that the
commercial Mg-Al alloy (AZ91D) could serve as a low-cost
anode (US$4.7 per kilogram) compared with metallic Li (US$170
per kilogram) and Mg (US$8.9 per kilogram) (Figure 5a).

It is well recognized that the recycling of end-of-life batteries
represents a serious challenge, particularly for Li/SOCI,
batteries using highly active Li metal that can be hardly
recycled or reprocessed. The use of safe and environment-
friendly Mg metal provides a feasible solution to this issue. As a
proof-of-concept, we recycled the carbon cathode and Mg metal
anode from a “dead” Mg/SOCI, primary battery by removing
the discharging products via simple and mild immersion into
ethanol at air atmosphere (Figure 5b,c; Figure S12, Supporting
Information). After the re-assembly with new electrolyte and
separator, the battery using recycled electrodes delivered a
high specific discharge capacity of 10 083 mAh g! (nearly 90%
of the initial capacity) with an available discharge voltage of
1.56 V at 200 mA gL This suggests the attractive recyclability
and sustainability of these economic and environment-friendly
batteries.

The safety concerns of Li/SOCI, primary batteries aroused by
highly active Li metal have hindered their broad applications,
evident from the battery explosion and severe injury accidents
in recent years.?” Our Mg/SOCI, primary batteries show
promoted safety because the Mg metal is intrinsically less active
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compared with Li metal (Figure 5d). As a proof-of-concept, we
showed two Mg/SOCI, primary batteries (CR2016 coin cells) in
series could power a commercial electronic watch (Figure 5Se)
and enable the safe operation underwater (Figure 5f). In
addition, we demonstrated a high-power application using
a Mg/SOCI, primary battery to power a wearable light-emit-
ting diode (LED) array comprised of 37 in-parallel LED lamps
(Figure 5g). We further used our Mg/SOCI, primary batteries
to power a pair of smart glasses, an important wearable
scenario in which the batteries are in close contact with the
user’s head and require high safety and reliability (Figure 5h).
These indicate that our Mg/SOCI, primary batteries can serve
as high-safety and low-cost power supplies in a variety of real-
world applications.

3. Conclusion

In conclusion, we demonstrate that Mg chemistry can be a
sustainable alternative for Li/SOCI, primary batteries through
synergistic optimization of electrolyte solvation and electrode
reaction. The presence of saturated MgCl, in the electrolyte is
critical to enhance the discharge and retention performances
of Mg/SOCI, primary batteries, owing to the promoted MgCl,
formation along with the suppressed self-discharge corrosion.
The optimized Mg/SOCI, primary battery delivers remarkable
specific capacities up to =14000 mAh g with a discharge
plateau of =1.67 V. In addition, the impressive advantages of the
Mg/SOCI, chemistry such as high abundance, safety, economic
benefit, and recyclability make the obtained batteries promising
alternatives to the state-of-the-art Li/SOCI, primary batteries.
These achievements can open new avenues for development
of sustainable, low-cost, recyclable, and high-performance
Dbatteries toward real-world applications.

4. Experimental Section

Preparation of the SOCl,-Based Electrolytes: The electrolyte was
prepared inside an Ar-filled glovebox with water and oxygen content
below 2 ppm. SOCI, (99%, Aladdin), AICl; (99%, anhydrous, Aladdin)
and MgCl, (99.9%, anhydrous, Meryer) were used without further
purification. The HC-A-SOCl, and A-SOCI, electrolytes were prepared by
dissolving 4 M and 2 m AICl; salt in SOCI, under stirring for 30 min,
respectively. The AlCl;-MgCl,-SOCI, (named A-M-SOCI,) electrolyte was
prepared by adding 0.8 m MgCl, salt to A-SOCI,, followed by stirring
for 4 h or until MgCl, could no longer be dissolved. The supernatant
was then collected as the electrolyte for further electrochemical
characterization.

Preparation of the Cathode: The cathode slurry was prepared by mixing
carbon materials (KJ, AB, or graphite) and PTFE (polytetrafluoroethylene)
binder (60% aqueous dispersion) at a weight ratio of 90:10 in ethanol.
The obtained mixture was sonicated for 1 h until the carbon particles
were uniformly dispersed in ethanol. Ni foams with a diameter of 14 mm
(1.54 cm?) were obtained using a manual disk cutter (MTI, MSK-T-10),
followed by sonication treatment in diluted hydrochloric acid (10%) for
10 min to remove the impurities on the surface. Then it was rinsed with
deionized water and ethanol in sequence and dried at 80 °C before use.
The prepared slurry was further dropped (100 puL each time) onto the Ni
foam on an 80 °C hot plate for thorough evaporation of the solvents.
The above process was repeated until the desired mass loading was
achieved. K] cathodes with the mass loadings of 1-2 and 2-3 mg cm~
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Figure 5. Mg/SOCI, primary batteries are low-cost, recyclable, and promising for wearable applications. a) Comparison of the prices of Li metal, Mg
metal, and Mg-Al alloy (AZ91D). Average bulk metal prices were obtained from the Asian Metal Online Database (www.asianmetal.cn). The inset shows
the discharge curve of the Mg-Al alloy/SOCI, primary battery at 100 mA g™'. b) Schematic illustration of the recycling process of the Mg/SOCI, primary
batteries. ¢) Comparison on the specific capacity and average discharge plateau of the as-fabricated and recycled battery. d) Schematic illustration of
the wearable applications of Mg/SOCI, primary batteries. e, f) A commercial electronic watch and two Mg/SOCI, primary batteries working in the air
and water, respectively. Scale bars in e and f, 1 cm and 5 cm, respectively. g) A wearable LED array comprised of 37 red lamps powered by a Mg/SOCI,
primary battery. Scale bar in g, 5 cm. h) A pair of smart glasses powered by Mg/SOCI, batteries. Scale bar in h, 5 cm.

were prepared, followed by drying overnight at 80 °C in an oven and
further pressing by a rolling pin.

Preparation of the Mg/SOCI, and Li/SOCI, Primary Batteries: All
batteries were made inside an argon-filled glovebox with water and
oxygen content below 2 ppm. A piece of Mg metal foil with a thickness of
100 um was polished using an abrasive paper and cut into a rectangular
shape of 1 cm x 1 cm. One layer of GF/D membrane was used as the
separator. 150 UL electrolyte was used for each battery. The coin cell
was encapsulated using a digital pressure controllable electric crimper
(MTI, MSK-160E). A silica gel was applied to the edge of the coin cell
where the two cases were sealed as an additional protective layer to
prevent water and air from leaking into the battery. The preparation of
Li/SOCI, primary battery involved the use of a Li metal foil as the anode,
1.8 M LiAICl, in SOCI, as the electrolyte and AB loaded on a Ni foam as
the cathode according to the commonly used composition of commercial
Li/SOCI, primary batteries. The recycling of Mg/SOCI, primary battery
was conducted by disassembling a fully discharged Mg/SOCI, primary
battery. The K| cathode and Mg anode were rinsed with ethanol in air
atmosphere, and dried at 80 °C and room temperature, respectively. The
obtained K| and Mg electrodes were then assembled into a new battery
with the incorporation of new electrolyte and separator.

Adv. Funct. Mater. 2023, 33, 2210343
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Electrochemical Measurements: All the electrochemical measurements
were performed at 28 °C in a thermostatic test chamber (Neware
MHW-200) unless otherwise stated. The discharge performances of
the batteries were obtained using a Neware battery testing system
(CT-4008-5V50mA-164-U). A CHI660E electrochemical work station was
used for electrochemical impedance spectroscopy (EIS) measurements.
The three-electrode electrochemical impedance tests were conducted
in CR2032 coin cells with a Mg metal foil as the counter and reference
electrodes, and K] loaded on a Ni foam cathode as the working
electrode. The frequency ranged from 0.01 to 10° Hz with an amplitude
at 5 mV. For wearables tested on human participants, the experiment is
approved by the Institutional Review Board (IRB)/Ethical Committee and
the informed consent of all participating subjects has been obtained,
and the study conforms to recognized standards.

Characterizations: The Raman spectroscopy was carried out on
a Renishaw inVia Micro-Raman system with an excitation laser line
of 532 nm. The samples were contained in a capillary prepared in an
argon-filled glove box. The XRD patterns were acquired using a Rigaku
Ultima IV powder X-ray diffractometer with Cu Ko radiation. SEM was
performed on a ZEISS Gemini 300 SEM operated at 15 kV. The EDS
mapping was conducted with the electron beam condition of 5 kV and
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1.6 nA. TEM was performed on a JEOL JEM-2100F operated at 200 kV.
For the time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
studies, ION-TOF TOF-SIMS 5 was used with the pressure of the
analysis chamber below 1.1 x 107 mbar. The organic imaging with delay
extraction mode with pulsed 30 keV Bi** (0.27 pA pulsed current) ion
beam was applied for depth profiling analysis with 1 keV Cs* ion beam
sputtering at the same time (69.27-82.74 nA current) and 300 x 300 pm?
sputter raster. The analysis area is 100 x 100 um?2. XPS spectra were
collected on a Thermo Fisher Nexsa XPS Microprobe operated at 25 mA
and 15 kV. All the binding energies were calibrated with the Cls peak
(284.8 eV).
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