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As an effective energy storage technology, rechargeable batteries have long been considered as a promis-
ing solution for grid integration of intermittent renewables (such as solar and wind energy). However,
their wide application is still limited by safety issue and high cost. Herein, a new battery chemistry is pro-
posed to satisfy the requirements of grid energy storage. We report a simple Cu-Mn battery, which is
composed of two separated current collectors in an H,SO4-CuSO4-MnSQ, electrolyte without using any
membrane. The Cu-Mn battery shows an energy density of 40.8 Wh L™, a super-long life of 10,000 cycles
(without obvious capacity decay) and negligible self-discharge. And the capital cost of US$ 11.9 kWh™!
based on electrolyte is lower than any previous batteries. More importantly, the battery can still work
smoothly during thermal abuse test and drill-through test, showing high safe nature. Furthermore, a
combination system integrating the Cu-Mn battery and hydrogen evolution is also proposed, which is
able to avoid the generation of explosive H,/O, mixture, and presents an efficient approach for grid
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1. Introduction

With the constant development of electrification of the society,
the generation and storage/conversion of the electric power are
playing an increasing important role in our daily life. But the grow-
ing fossil consumption for the generation of electric power and the
consequent ever-worsening pollution of environment make it
urgent to develop clean and efficient renewable energy resource,
such as solar, wind and tidal energy. As an effective technology
for energy storage/conversion, rechargeable batteries possess the
ability to integrate renewable energy sources with electrical grid
smoothly [1,2]. Up to now, some batteries have been considered
as the candidates for the applications of large-scale energy storage,
e.g. Li-ion, lead-acid, redox-flow, sodium-beta alumina membrane
batteries [2]. However, their wide application is still limited by
safety issue and high cost [2-6]. After extensive exploration on
cheap batteries [7-18], several new batteries were reported
recently with the low cost potential, such as the lithium-antimony
liquid metal battery (US$ 65 kWh~' based on electrode materials)
[7] and the inorganic-organic flow battery (US$ 27 kWh~! based
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on electrode materials) [8]. However, the high operating tempera-
ture of liquid metal battery or the ion-exchange membrane in the
inorganic-organic flow battery results in much additional opera-
tion and maintenance cost. And the achieve cycle life of above bat-
teries is inferior to current Li-ion and all-vanadium redox flow
batteries. So there is still a way to go in exploiting battery system
with lower cost and longer cycle life.

Manganese dioxide (MnO,) that characterized by earth abun-
dance, low cost and environmental benignity has been widely used
as the electrode active material for batteries. Over the past years,
the cations (i.e., H*, Zn?* and Li*) interaction/de-interaction reac-
tions of MnO, coupled with the valence state change between
Mn** and Mn>3* have been employed to build various low cost bat-
teries, including rechargeable Zn-MnO, battery with a neutral elec-
trolyte [19-22] and Li-ion battery (e.g., LiMn,O, as cathode
material) with non-aqueous [23-27] and aqueous electrolyte
[28,29]. However, these batteries generally suffer from the limited
cycle life due to the structure collapse of MnO, and the dissolution
of Mn** (from Mn>®" disproportionation) [21-24]. Fortunately,
manganese can exist in various valence states (e.g., Mn®, Mn?*,
Mn?*, Mn*" and Mn’"), which thus enable us to design new
manganese-based battery chemistry. For example, Chen et al.
[30] recently reported a long-life H,-Mn battery using acid
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electrolyte, which depends on the electrochemical deposition/dis-
solution of MnO, in positive electrode and the H, evaluation/
reduction reaction (HER/HRR) in negative electrode. However, the
expensive catalysts for HER/HRR and the complex H, storage tech-
nology much increase the cost and safety risk of the H,-Mn battery.
Especially, the crossover of H, results in obvious self-discharge.
And the flammable H, sealed in battery is dangerous to large-
scale application for energy storage. Replacing the hydrogen with
metal electrode (such as Cu) to form metal-manganese battery
might be a practicable idea, which has been patented by our group
in 2018 [31]. Very recently, several groups investigated this Cu-Mn
battery [32,33]. However, the achieved performances, such as the
low areal capacity (<1 mAh cm~2) and limited cycle life (<2000
cycles), are still far away from practical application.

Herein, we demonstrate a Cu-Mn battery chemistry, which con-
tains the electro-active species (Mn?* and Cu?*) in an dilute acid
electrolyte (H,SO4) and two separated current collectors for posi-
tive and negative electrodes (e.g., carbon felt and copper plate,
Fig. S1 (online)). Its charge involves the electrochemical deposition
of MnO, (Mn?* + 2H,0 — 2e~ — MnO,| + 4H*) in positive electrode
(the areal deposition capacity can reach up to 50 mAh cm2) and
the Cu plating (Cu?* + 2e~ — Cul) on negative electrode, which is
in parallel with the electrons transfer from positive to negative
electrode via out circuit. Discharge reverses the charge. When cal-
culated based on the H,S04-CuS04-MnSQ, electrolyte, the demo
battery exhibits a low cost of US$ 11.9 kWh~! and a competitive
energy density of 40.8 WhL™!, which is comparable to that of
all-vanadium redox flow battery. Meanwhile, the battery can still
work smoothly during thermal abuse test and drill-through test,
showing high safe nature. The simple structure, inherent low cost,
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high safety and promising performance enable the Cu-Mn battery
to possess a bright application prospect on grid energy storage.
Furthermore, we integrated the Cu-Mn battery and hydrogen evo-
lution process into a combined system to producing hydrogen and
electric energy alternately. This system eliminates the explosive
H,/O, mixture in traditional water electrolysis, and replaces the
worthless oxygen with electric energy, which may provide a possi-
ble approach to utilize renewable effectively.

2. Materials and methods
2.1. Materials

All materials were used as received: Copper(Il) sulfate pentahy-
drate (CuSO4-5H,0, AR), Manganese(Il) sulfate monohydrate
(MnSO4-H,0, AR), Sulfuric acid (H,SO4, AR), Copper plate (Cu,
thickness of 0.1 mm). Above reagents were brought from Sino-
pharm Chemical Reagent Co., Ltd; Carbon felt (thickness of
5 mm) was brought from Dalian Longtian Tech. Co., Ltd; the HER
electrode was purchased from Baoji Zhiming Special Metal Co., Ltd.

2.2. Electrochemical measurements

Electrochemical measurements for Cu-Mn battery were
performed with flooded cells, in which a solution of 0.5 mol L™!
H,SO4+0.8 molL~' CuSO4+0.8molL~! MnSO, carbon felt
(1 cm? area and 5 mm thickness) and Cu plate (1 cm? area and
0.1 mm thickness) were used as electrolyte, positive collector and
negative collector, respectively. The charge/discharge perfor-
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Fig. 1. (Color online) Working principle of the Cu-Mn cell. (a) The schematic illustration of the Cu-Mn cell during charge/discharge process. The charge process involves
electrochemical deposition of MnO, in positive electrode and the Cu plating on negative electrode, which is in parallel with the electrons transfer from positive to negative
electrode via out circuit. Discharge reverses the charge. (b) CV of MnO,/Mn?* (red curve) and Cu?*/Cu (blue curve) in the electrolyte containing 0.5 mol L' H,SO, + 0.8 -
mol L™ CuSO, + 0.8 mol L~! MnSO, at a sweep rate of 1 mV s~!; LSV of oxygen evolution reaction (OER) on carbon felt, and LSV of HER on Cu plate in the electrolyte

containing 0.5 mol L~! H,SO, at a sweep rate of 1mVs ™.
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mances, cyclic voltammetry (CV) and linear sweep voltammetry
(LSV) were conducted on an electrochemical workstation (BioLogic
VSP-300) and battery test system (Neware CT-9004). The HER cell
consists of Pt-coated Ti-mesh electrode (1 cm?) as HER electrode,
carbon felt (1 cm?) as cathode, and 1 mol L~! MnSO, + 0.5 mol L~
H,S0, electrolyte. The Cu-Mn cell consists of Cu palte (1 cm?),
0.5 mol L~! H,S0, electrolyte, the carbon felt in HER cell is used
as cathode for Cu-Mn cell. In Step 1, the HER cell is charged under
1.5V to 1 mAh cm?, then the MnO, electrode is moved to the
Cu-Mn cell. In Step 2, the Cu-Mn cell discharges at 10 mA cm~2 to
0.3 V. Repeating Step 1 and Step 2 alternatively, hydrogen and elec-
tric energy will produce alternatively.

2.3. Material characterization

X-Ray diffraction (XRD) patterns were collected on an X-ray
diffractometer (Bruker D8 Advance, Germany) with Cu Ko radia-
tion (1 = 0.15406 nm). Scanning electron microscope (SEM) images
were obtained on field-emission JEOL JSM-6390 microscope. X-ray
photoelectron spectroscopy (XPS) was tested on a Thermo Escalab
250 equipped with a hemispherical analyzer.

2.4. Cost estimation

The main cost of the Cu-Mn cell is CuSO4-5H,0, MnSO4-H,0 and
H,S04. And the average price of CuSO4-5H,0 and MnSO4-H,0 (elec-
troplating grade) is US$ 2 and 0.55 kg~! respectively, and 98%
H,S0, is US$ 0.2 kg~!, which was obtained from www.alibaba.com.
The cost of the cell is calculated according to the following
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equation: P =" ;p;m;/E, where P is the capital cost per unit of dis-
charged electrical energy (US$ kWh™1), p; is the cost per unit of
metal salt used in electrolyte (US$ kg~'), m; is the mass of metal
salt (kg), and E is the discharged energy of the cell (kWh), which
is obtained from the demo Cu-Mn battery. And the detailed calcu-
lation is presented in Table S1 (online).

3. Results and discussion

The structure and operation principle of the Cu-Mn battery is
schematically illustrated in Fig. 1a. As shown in Fig. 1a, Mn?* in
the electrolyte is oxidized into MnO, during the charge process,
which is deposited on the positive collector (carbon felt). Mean-
while, Cu?* in the electrolyte is reduced into metal Cu, which is
deposited on the negative collector (Cu plate). As to discharge pro-
cess, the MnO,, deposited on the carbon felt is reduced to Mn?* and
dissolve into electrolyte. In the meantime, metal Cu is oxidized to
Cu?* and dissolved into electrolyte. Due to the inherent deposition/
dissolution of active species, the Cu-Mn battery no longer needs an
ion permselective membrane to separate anolyte and catholyte,
and no need to prepare active materials. The corresponding elec-
trode reactions are described as follow:

Cathode: Mn?* + 2H,0 — MnO, |+4H" + 2e™ (1)
Anode: Cu?* +2e~ « Cu| (2)
Overall: Mn?* + Cu?t + 2H,0 «— MnO, |+Cu| + 4H* (3)
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Fig. 2. (Color online) Electrochemical performance of the Cu-Mn cell. (a) The 1th cycle discharge profiles of the cells with different deposition capacities (i.e., the charge
capacities). The cell is charged under 1.2 V to 1-50 mAh cm ™ respectively, and discharged at 10 mA cm 2 to 0.5 V. Cycle performance of the cell with deposition capacity of
1 mAh cm™2 (b), 10 mAh cm~2 (c), 30 mAh cm—2 (d) and 50 mAh cm~2 (e), respectively, which are charged under 1.2 V and discharged at 10 mA cm~2 to 0.5 V. The average
Coulombic efficiencies for the battery with 1, 10, 30 and 50 mAh cm 2 deposition capacity are 101.2%, 99.7%, 95.6% and 94.6% respectively.
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Prior to the fabrication of the battery, the redox potentials of
MnO,/Mn?* and Cu?*/Cu were determined by CV tests, which is
compared with the oxygen/hydrogen evolution potentials obtained
by LSV. As we can see in Fig. 1b, the redox potential of MnO,/Mn?*
is lower than oxygen evolution. Meanwhile, the redox potential of
Cu?*/Cu is higher than hydrogen evolution, indicating that the Cu-
Mn cell is feasible in aqueous electrolyte without the oxygen and
hydrogen evolution.

In order to demonstrate the hypothesis shown in Fig. 1a, we
fabricated a prototype flooded cell, which contains a positive col-
lector (a piece of carbon felt with area of 1 cm? and thickness of
5 mm), a negative collector (a piece of copper plate with area of
1 cm? and thickness of 0.1 mm), and a dilute acid aqueous elec-
trolyte (0.5molL™' H,SO,, 0.8 molL™! CuSO, and 0.8 mol L™!
MnSOQ,). The assembled cell is in the discharged state, which needs
to be charged first. And a constant-voltage charging technique is
applied due to its smooth discharge profile (Fig. S2 online). The
cells were charged under a constant voltage of 1.2V with the
charge capacities (i.e., the deposition capacities) of 1, 5, 10, 20,
30 and 50 mAh cm 2, respectively. The corresponding charge cur-
rent profiles of 50 mAh cm~2 under constant 1.2V are shown in
Fig. S3 (online), where it can be observed that the charge current
can reach the maximum of ~100 mA cm 2, endowing the cell with
flexible adjustability for high current input from the renewable
energy. For example, it only needs 38 s to charge to 1 mAh cm 2,
and 41.2 min to 50 mAh cm™2. After charging, these cells were dis-
charged at 10 mA cm—2 with a cut-off voltage of 0.5V. The dis-
charge profiles of these cells with different deposition capacities
are given in Fig. 2a. It can be seen that the average discharge plat-
form is around 0.96 V. The Coulombic efficiencies are 102.7%, 100%,
98.2%, 96.4%, 95.1% and 96.0% according to the deposition capaci-
ties of 1, 5, 10, 20, 30 and 50 mAh cm 2, respectively (the > 100%

—
O
~

1783

Coulombic efficiency can be ascribed to the electrochemical
double-layer capacitance of carbon felt current collectors with high
surface area [30]). And the corresponding energy efficiencies are
81.7%, 79.2%, 77.5%, 75.7%, 74.0% and 73.7%, respectively. Although
there is a decrease of energy efficiency with the increase of depo-
sition capacity of MnO,, the energy efficiency is still above 70%
when the deposition capacity reaches up to 50 mAh cm™2, indicat-
ing a high energy utilization of the cell. Fig. 2b-e shows the cycle
performance of the Cu-Mn cells tested with different deposition
capacities. It can be detected that there is no obvious decay on dis-
charge capacity over 10,000 cycles for the cell with a low deposi-
tion capacity of 1 mAh cm™2 (Fig. 2b), showing an excellent cyclic
stability (which is five times longer than 2000 cycles under
0.8 mAh cm™2 capacity reported in Ref. [33]). When charged with
the higher deposition capacities of 10 and 30 mAh cm™2, the Cu-
Mn cells also keep very stable discharge capacity during 1000
and 500 cycles (Fig. 2c and d). Even with a very high deposition
capacity of 50 mAh cm™2, the Cn-Mn cell still shows stable dis-
charge capacities over 200 cycles (Fig. 2e). Furthermore, its dis-
charge profiles are almost unchangeable during 200 cycles
(Fig. S4 online), which demonstrates that the carbon felt possesses
a great reversibility under high deposition capacity of MnO,. Ele-
ment analysis confirms that MnO, is the main production of the
deposition process (Fig. S5 online). And the ex-situ XRD, XPS and
SEM characterization (Fig. S6 online) further prove the high
reversibility of MnO,/Mn?* redox. On the other hand, Cu anode also
shows high reversibility with Coulombic efficiency around 99%
(Fig. S7 online).

Rate capability is one of the most important evaluations for
reversible battery, and the rate capabilities of these Cu-Mn cells
with different deposition capacities are presented in Fig. 3. The
Cu-Mn cells were charged at 1.2V to the capacities of 1, 10, 30,
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Fig. 3. (Color online) Rate performance of the Cu-Mn cells with different deposition capacities. The discharge profiles at different currents of the Cu-Mn cells with various
deposition capacities (i.e., charge capacities) of 1 mAh cm~2 (a), 10 mAh cm~2 (b), 30 mAh cm~2 (c) and 50 mAh cm~2 (d), respectively. In this experiment, these cells are

charged to a certain capacities (1, 10, 30 and 50 mAh cm 2

, respectively), and each cell is discharged at different currents (10, 30, 50 and 100 mA cm2) to 0.5 V.
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50 mAh cm 2, respectively. And each of them discharged at ever-
increasing current densities ranging from 10 to 100 mA cm 2.
Although there are some voltage losses at high applied current
densities (Fig. 3), all of these Cu-Mn cells can endure the high dis-
charge current density of 100mA cm 2 and exhibit excellent
capacity retentions. For the Cu-Mn cell with a deposition capacity
(i.e., charge capacity) of 1 mAh cm~2, there is no capacity loss with
the increasing discharge currents (Fig. 3a), which is beneficial from
the fast kinetics of redox of Mn?*/MnO, and Cu?*/Cu in dilute acid
electrolyte. When the deposition capacity of the Cu-Mn cell is
increased to 10 mAh cm~2, only a slight capacity loss emerges with
increase of discharge current (Fig. 3b). With the further increase of
deposition capacities to 30 and 50 mAh cm~2, the Cu-Mn cells only
show a small amount of capacity losses at the high applied current
of 100 mA cm~2 (Fig. 3c, d), indicating that the plenty MnO, depo-
sition do not cause sharp deterioration of discharge performance at
high current density. As to large-scale energy storage, the self-
discharge performance is an important consideration to prevent
energy loss during storage. So the self-discharge performance with
deposition capacity of 50 mAhcm 2 is investigated. Fig. S8a
(online) shows the discharge curves without and with open circuit
voltage (OCV) measurement. After 100 h OCV measurement (the
change of OCV during rest is given in Fig. S8b (online)), the average
operating voltage decrease to 0.9V, showing 60 mV lower than
0.96 V for the cell without OCV measurement. But impressively,
the capacity loss is only 0.7%, i.e., capacity retention of 99.3%.
And the corresponding energy retention is 91.9% compared with
sample without self-discharge test. The self-discharge performance
is much superior than Manganese-Hydrogen cell (71% remaining
capacity after 80 h) [30]. The relative low capacity loss can be
ascribed to the fact that the MnO, is stable in the aqueous elec-
trolyte, which endows the Cu-Mn cell with immense superiority
in the field of large-scale energy storage.

The simple structure and high electrochemical performance of
the Cu-Mn cell motivate us to scale up the battery system, and
two approaches are developed in terms of voltage and capacity,
respectively. First, a 3V Cu-Mn battery in series connection is
assembled towards high voltage Cu-Mn battery. The inset of
Fig. 4a shows the structural representation of the 3 V Cu-Mn bat-
tery (the photograph of the assembled battery is shown in
Fig. S9a (online)), in which the area of carbon felt is 12 cm? and
5 mm thickness. Only simple stack of the three single cells is
needed to obtain higher voltage. The battery is charged under
3.6V to 60, 120 and 360 mAh, respectively, and then discharged
at 30 mA to the cut-off voltage of 1.5 V. Fig. 4a shows the discharge
profiles with different deposition capacities. It can be seen that the
average operating voltage is around 3V, which is three times
higher than that of the single Cu-Mn cell. And the discharge capac-
ity is 57.2, 113.3 and 331.7 mAh, according to the Coulombic effi-
ciency of 95.3%, 94.4% and 92.1% based on the deposition
capacity of 60, 120, 360 mAh. And there is no obvious capacity
decay after 50 cycles at deposition capacity of 120 mAh (Fig. S9b
online). Furthermore, a 4 V Cu-Mn battery using four single cells
are assembled to power an electric toy car (Video S1 (online)),
the toy car requires a power ~2 W), indicating that the Cu-Mn bat-
tery possess a good ability of high power output.

Second, a 1V 6.2 Ah demo battery is constructed to demon-
strated the easy scalability of battery capacity (Fig. S10 online).
As shown in the structural representation of the demo battery
(inset of Fig. 4b), it contains 155 mL electrolyte (0.5 mol L™! H,-
SO4+0.8 mol L~! CuS0O,4+ 0.8 mol L~! MnS0O,) and four pieces of
carbon felt (30 cm? and 5 mm thickness for each pieces). The demo
battery is charged under 1.2 V to 1000, 3000 mAh and the theoret-
ical capacity of 6646 mAh, respectively, and discharged at 100 mA
to the cut-off voltage of 0.5 V. Fig. 4b shows the discharge profiles
of the demo battery at different deposition capacities. It can be

seen that the Coulombic efficiency is 97.4% and 96.2% at
1000 mAh and 3000 mAh. Even the deposition capacity (i.e., charge
capacity) reaches theoretical value of 6646 mAh, the Cu-Mn bat-
tery can exhibits a discharge capacity of 6285 mAh with a high
94.6% Coulombic efficiency, indicating the high electrolyte utiliza-
tion. Furthermore, there is no obvious capacity decay after 50
cycles at deposition capacity of 1000 mAh (Fig. S10b online).

The energy density and the cost estimation of the Cu-Mn sys-
tem are based on the above mentioned 1V, 6.2 Ah demo battery.
The actual discharge energy of the demo battery is 6325 mWh,
according to 79.3% energy utilization (charge energy is
7975 mWh). And the energy density is 40.8 WhL~1/33.5 Wh kg™!
(based on the 155 mL electrolyte containing 0.5 mol L~' H,SOy,
0.8 mol L™! CuSO, and 0.8 mol L~! MnSO,). Furthermore, the total
mass of the demo battery (including electrolyte, current collectors
and battery shell) is 310 g, according to the 20.4 Wh kg~! for the
whole demo battery, which is comparable to the conventional flow
batteries, such as all-vanadium redox flow battery [34,35]. The
main cost of the Cu-Mn battery is the electrolyte containing CuSOy,,
MnSO,4 and H,SO4. And their costs are given in Table S1 (online),
from which the capital cost of US$ 11.9 kWh™! is calculated based
on the electrolyte, the detailed calculation is shown in methods
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Fig. 4. (Color online) Scale-up of the Cu-Mn cell. The discharge profiles of the 3V
Cu-Mn battery (a) and 1V, 6.2 Ah demo battery (b) with different deposition
capacities. The schematic illustrations of the battery structure are given in the inset
of figures. The 3V batteries are charged under 3.6V to 60, 120, 360 mAh
respectively, and discharged at 30 mA to 1.5 V. The 1V, 6.2 Ah demo batteries are
charged under 1.2V to 1000, 3000, 6646 mAh respectively, and discharged at
100 mA to 0.5 V.
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section and Table S1 (online). It is much lower than that of any pre-
vious batteries reported (Table S2 online) [2,7,8].

Battery safety is the most important consideration towards the
grid energy storage. So the safety testing of the demo battery is
conducted here, which contains thermal abuse testing and drill-
through testing. For the thermal abuse testing, the demo battery
is charged to 6 Ah first, and toasted with the open flame. From
Video S2 (online) we can see that the demo battery has no risk of
explosion when exposed to intense heat. Furthermore, it still
works well during toast testing, demonstrating the excellent safety
and reliability. In addition, Video S3 (online) shows the drill-
through testing of the demo battery which was pre-charged to 6
Ah. As expected, there is no explosion, just electrolyte leakage dur-
ing testing. And as long as there is electrolyte maintained in the
battery, it can work well during drill-through. Above tests demon-
strate the high safety of Cu-Mn battery under some extreme
conditions.

Interestingly, due to the excellent reversibility of MnO,/Mn?*
redox, the Cu-Mn system not only can be utilized as rechargeable
battery, but also can be combined with hydrogen evolution to
make full use of renewable energy. The working principle is pre-
sented in Fig. 5. In Step 1 for hydrogen evolution (Fig. 5a), when
a voltage is applied between the HER electrode and carbon felt
electrode, H* is reduced to hydrogen on HER electrode, and Mn?*
is oxidized to MnO, along with the production of H* on carbon felt
electrode. Subsequently, in Step 2 (Fig. 5b), the MnO, formed in

(a)
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Step 1 is coupled with Cu anode to form a Cu-Mn cell to provide
electricity, in which the MnO, is reduced to Mn?*, and Cu is oxi-
dized to Cu?* (Noted that Cu electrode is just used here for a
demonstration of the combination system concept, it can be
replaced by other electrodes, such as zinc electrode). Fig. 5c shows
the voltage profiles for Step 1 (HER cell, left part with pink color)
and Step 2 (Cu-Mn cell, right part with nattier blue color), and
the corresponding current are shown in Fig. S11 (online). With
the Step 1 and Step 2 running alternately, hydrogen and electric
energy can be produced alternately. Note that the oxidation of
Cu can be substituted by others oxidation process with high
added-value, such as oxidation of ethanol, benzyl alcohol, furfural
and so on.

From above discussion, it can be concluded that the Cu-Mn bat-
tery possessed some advantages. First, the components of the cell
are low cost. More importantly, there is no need of membrane, cat-
alysts, harsh gas-tight requirement and high operating tempera-
ture, which gives considerable design flexibility and low
maintenance cost. For example, cylinder-type, pouch-type,
prismatic-type and flow-assisted Cu-Mn battery (Fig. S12 online)
are attractive for the further investigation. The low capital cost
(US$ 11.9 kWh™!) and the ease of fabrication make the Cu-Mn cell
to be a great potential candidate for large-scale energy storage;
Second, due to the nonflammable materials (including electrolyte
and current collectors, and the non-combustibility test for carbon
felt is shown in Video S4 (online)), the battery shows high safety
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Fig. 5. (Color online) Demonstration of the combination system between Cu-Mn cell and hydrogen evolution. (a) The HER cell consists of HER electrode (Pt-coated Ti-mesh
electrode, 1 cm?), carbon felt (1 cm?) and 1 mol L~! MnSOQ, + 0.5 mol L~! H,S0, electrolyte. (b) The Cu-Mn cell consists of Cu palte (1 cm?) and 0.5 mol L~! H,SO, electrolyte.
(c) The applied constant voltage of 1.5 V for HER in Step 1 (pink part on the left), and the discharge voltage for Cu-Mn cell (blue curve) in Step 2 at 10 mA cm 2 current (nattier
blue part on the right). For Step 1, HER cell is charged, which involves HER process and electrochemical deposition of MnO, on carbon felt. For Step 2, the carbon felt with
deposited MnO, and Cu plate form Cu-Mn cell to deliver electric energy. With the alternation between Step 1 and Step 2, hydrogen and electric energy will produce

alternately.
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during thermal abuse and drilling-through testing. In addition,
there is no gas evolution during the cycling, eliminating the explo-
sion caused by high-pressure gas or flammable gas; Third, the dur-
able carbon felt with strong affordability on massive MnO,
deposition guarantee the long cycle life and high discharge capac-
ity. Meanwhile, the proposed battery shows excellent capacity
retention in self-discharge test.

4. Conclusion

In summary, we proposed a simple Cu-Mn battery based on the
deposition/dissolution of MnO, and Cu in aqueous solution. And
the feasibility of scale-up and high safety is demonstrated by some
demo batteries. The low solubility of CuSO,4 limits the energy den-
sity of the system. But it can be enhanced by optimizing the com-
position of electrolyte, such as substituting CuSO4 with others Cu
salt with high solubility. And it should be aware that the battery
performance can be further improved by the optimization of elec-
trolyte and structure design of electrode. The low cost, high safety
and high cycling stability of the battery system sheds light on the
production of safe, reliable and economical large-scale energy stor-
age system. In addition, a combination system integrating the HER
and Cu-Mn cell are presented, which may shed light on the flexible
design and application of large-scale energy storage and
conversion.
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