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A manganese-hydrogen battery with potential for

grid-scale energy storage
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Batteries including lithium-ion, lead-acid, redox-flow and liquid-metal batteries show promise for grid-scale storage, but they
are still far from meeting the grid's storage needs such as low cost, long cycle life, reliable safety and reasonable energy density
for cost and footprint reduction. Here, we report a rechargeable manganese-hydrogen battery, where the cathode is cycled
between soluble Mn?* and solid MnO, with a two-electron reaction, and the anode is cycled between H, gas and H,0 through
well-known catalytic reactions of hydrogen evolution and oxidation. This battery chemistry exhibits a discharge voltage of
~1.3V, a rate capability of 100 mA cm~2 (36 s of discharge) and a lifetime of more than 10,000 cycles without decay. We achieve
a gravimetric energy density of ~139 Whkg' (volumetric energy density of ~210 Wh 1), with the theoretical gravimetric energy
density of ~174 Whkg" (volumetric energy density of ~263WhI-") in a 4 M MnSO, electrolyte. The manganese-hydrogen
battery involves low-cost abundant materials and has the potential to be scaled up for large-scale energy storage.

development of renewable energy technologies to reduce green-

house gas emissions and air pollution'?. Electrochemical energy
storage devices, such as batteries, are critical for enabling renewable
yet intermittent sources of energy such as solar and wind**. To date,
different battery technologies have been deployed for energy storage
in our everyday life. The development of lithium-ion®’, lead-acid®,
redox-flow’ ", sodium-sulfur’’ and liquid-metal batteries'*'> shows
promise for grid-scale energy storage. However, they have various
issues of low energy density (lead-acid, 30-50 Whkg™'; redox-flow,
<50 Wh1™), poor rechargeability (lead—acid, <500 cycles; sodium-
sulfur, <1,500 cycles), high cost at the battery pack level (lithium-
ion, ~US$250kWh™"; lead-acid, ~US$170kWh"; redox-flow,
~US$450 kWh™') and high operating temperature (sodium-sulfur,
300-350°C; liquid-metal,>450°C)*">. Aqueous rechargeable bat-
teries have significant benefits of high power output, intrinsic safety
and being environmentally benign'®'®. Unfortunately, limitations
in the energy density and the cycle life result in a high system-level
cost in US dollars per kilowatt hour. Therefore, the development of
a rechargeable aqueous battery with low cost, high energy density
and long cycle life is highly desirable to enable practical storage of
intermittent energy sources at the grid scale.

Over the past few decades, manganese-based aqueous batteries
have attracted remarkable attention due to their earth abundance,
low cost, environmental friendliness and high theoretical capac-
ity'>*. However, state-of-the-art manganese-zinc batteries show
low capacity, are poorly rechargeable and suffer from dendrite for-
mation on the zinc anode”'. The rich chemistry of manganese allows
it to exist in various valence states such as Mn’, Mn**, Mn**, Mn**
and Mn’*, providing great opportunities for the discovery of new
manganese-based battery systems'’.

Here, we propose and demonstrate a manganese-hydro-
gen (Mn-H) battery chemistry. The Mn-H battery operates by
manganese deposition/dissolution reactions between soluble Mn?*

| he ever-increasing global energy consumption has driven the

and solid MnO, at the cathode, which is fundamentally different
from the solid-solid transformation in the existing Mn-based elec-
trodes, and catalytic hydrogen evolution/oxidation reactions (HER/
HOR) at the anode in soluble Mn?* solutions. The charge and dis-
charge reactions of the Mn-H battery on the cathode (equation (1)),
the anode (equation (2)) and the overall cell operation (equation
(3)) can be described in the following:

Mn?* +2H,0 <> MnO, +4H" + 2¢~ (1)
2H* +2e¢” < H, )
Mn**+2H,0 < MnO, +2H" +H, (3)

Charge storage mechanism and simulation of the Mn-H cell
As schematically depicted in Fig. la, our Mn-H cell is composed
of a cathode-less porous carbon felt, a glass fibre separator, a Pt/C-
catalyst-coated carbon felt anode and a soluble Mn** aqueous elec-
trolyte. MnSO, is selected as the soluble Mn** salt due to its low
cost, high solubility in water (~4.2M at room temperature)* and
the good electrochemical stability of SO,* under bias. It is worth
noting that though low-cost electrocatalysts for HER/HOR such
as transition-metal sulfides (MoS,), phosphides (Ni,P, CoWP) and
carbides (WC) can potentially be applied to our Mn-H cell**, we
use only Pt/C electrocatalyst in this work as a demonstration of the
battery concept. When charging the Mn-H cell, soluble Mn** ions
in the electrolyte diffuse to the cathode and deposit in the form of
solid MnO, on the carbon felt, while H, gas evolution from H,0
is driven by highly active platinum catalysts on the anode. During
discharge of the battery, the uniform layer of as-deposited MnO, on
the cathode is dissolved back to soluble Mn** electrolyte and H, is
oxidized on the anode.
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Fig. 1| Schematic and simulation of the Mn-H battery. a, A schematic illustration of the Min-H battery in the charge and discharge modes. Only cations
(Mn?* and H*), and not anions (50,27), in the electrolyte are presented in the schematic. b, Representative spectra of the simulated Mn?* concentration
variation in the electrolyte over a complete charge and discharge process under a charge potential of 1.6 V to a capacity of TmAhcm=2 and a discharge
current density of 10 mA cm~=2. The colour schemes show the simulated spectra of the Mn?* concentration in the electrolyte at the charge and discharge
process. The numbers below each spectrum indicate the charge or discharge time in seconds.

To understand the nature of the charge storage mechanism of
our Mn-H cell, we applied a finite-element method in COMSOL
to model the Mn?*/MnO, deposition/dissolution reactions at the
cathode by simulating the dynamic electrolyte concentration varia-
tion over a complete charge and discharge process (Supplementary
Fig. 1 and Supplementary Note 1). Figure 1b shows the simulated
colour spectra of the electrolyte Mn** concentration in the Mn-H
cell at different charge (Supplementary Fig. 2,0-40s) and discharge
(Supplementary Fig. 3, 40-400s) scenarios. The Mn>* concentra-
tion distribution after full discharge tends to be exactly the same
as that of the cell before charge (Supplementary Fig. 4), which is
confirmed by the same colour spectra of the electrolyte concen-
tration (Fig. 1b, t=0 and 400s). The spatial variation in electro-
lyte concentration can be fully recovered after a complete charge
and discharge cycle for the highly reversible Mn**/MnO, depo-
sition/dissolution reactions at fast charge rates (Supplementary
Fig. 5).

Performance of the Swagelok-type Mn-H cell

In light of the proposed and simulated energy storage mechanism,
we first constructed the Mn-H cell in a custom-made Swagelok cell
(Supplementary Fig. 6) and conducted the electrochemical mea-
surements in the electrolyte of 1M MnSO, at room temperature.
To suppress the oxygen evolution reaction (OER) on the cathode,
we applied a chronoamperometric (that is, constant potential) tech-
nique with an optimal potential of 1.6 V to charge the Swagelok cell.
The charge potential is lower than the measured onset potential

of ~2V for the MnO,-coated carbon felt cathode towards obvious
OER (Supplementary Figs. 7-11 and Supplementary Notes 2 and 3).
The Mn-H cell was then galvanostatically (that is, constant cur-
rent) discharged under different current densities. The cell in the
electrolyte of 1M MnSO, shows a typical battery discharge behav-
iour with a distinct discharge plateau at ~1.2V (Supplementary
Fig. 12). When charging to a capacity of 1 mAh cm™, the Coulombic
efficiency of the first cycle is ~62%, which then increases in sub-
sequent cycles, reaching ~91% after ten cycles (Supplementary
Fig. 12). It was reported that the activity and kinetics of Pt towards
HER/HOR are much higher in acid than in neutral and alkaline
electrolytes’*. With the addition of a small amount of H,SO,
(0.05M) into the 1M MnSO, electrolyte, the charge and discharge
characteristics were improved drastically. The charge current of the
cell in 1M MnSO, with 0.05M H,SO, is about three times higher
than that in the 1 M MnSO, electrolyte, leading to a much shorter
charge time of ~85s (Supplementary Figs. 13 and 14). In addition,
the discharge plateau was increased by ~50mV (Fig. 2a), demon-
strating the improved kinetics of the Mn-H cell in the electrolyte of
1M MnSO, with 0.05M H,SO,. As such, the Coulombic efficiency
of the first cycle was improved to ~70%, and its discharge capac-
ity reached 1 mAhcm™ with an efficiency of 100% after the initial
activation cycles (Supplementary Fig. 15). This is largely due to the
synergetic effects of the higher electrolyte conductivity-induced
faster Mn?*/MnO, reactions on the cathode and the more favour-
able HER/HOR reactions on the anode in the slightly acidic electro-
lyte (Supplementary Fig. 16).
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Fig. 2 | Electrochemical performance of the Swagelok-type Mn-H cell. a, The discharge behaviours of the first ten cycles in the electrolyte of TM MnSO,,
with 0.05M H,SO,. The dashed pink arrow indicates the improved discharge performance of the Mn-H cell in the first ten cycles. b, The discharge curves
of the cell under different current densities. ¢,d, Rate capability (€) and long-term stability tests (d) of the cell in the electrolyte of TM MnSO,, with 0.05 M
H,SO,. All cells are tested in the Swagelok-type devices at room temperature by charging at 1.6 V to TmAh cm~2 and discharging at different current

densities to 0.5 V.

The rate capability and long-term cycle stability of the batter-
ies are of vital importance for practical energy storage applica-
tions. As shown in Fig. 2b, when the discharge current density is
increased from 10mAcm™ (discharge in 6mins) to 50 mAcm™
and even 100mA cm™ (discharge in 36s), the discharge capac-
ity of the cell can still be maintained at nearly 1 mAhcm™ This is
consistent with the capacity retention of the Mn-H cell at different
rates during cycling (Fig. 2c), exhibiting a remarkable rate capa-
bility and high power density. Practically, it is demonstrated that
the Mn-H cells are capable of lighting a blue light-emitting diode
for a few hours when they were quickly charged at 1.6V for only
3 min (Supplementary Fig. 17). Moreover, our Mn-H cell shows no
noticeable capacity decay over 10,000 cycles at a charge capacity of
1mAhcm™ (Fig. 2d). It is worth noting that the actual discharge
capacity of the cell is slightly higher than 1 mAhcm= This is con-
tributed by the extra capacity of the electrochemical double-layer
capacitance of the high-surface-area carbon felt current collectors
(Supplementary Fig. 18 and Supplementary Note 4). In contrast, the
cell in the pure MnSO, electrolyte shows a gradual capacity decay
after 400 cycles followed by severe degradation (Supplementary
Fig. 19 and Supplementary Note 5), which is probably due to the
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limited electrolyte conductivity and poor kinetics-induced cell fail-
ure. The energy and energy efficiency of the cell in the electrolyte of
1M MnSO, with 0.05 M H,SO, show a similarly excellent stability to
that of the discharge capacity. It is further revealed that the energy
efficiency of the Mn-H cell is ~71% (Supplementary Fig. 20).

We have conducted a systematic study on the electrochemical
performance of the Mn-H batteries in electrolytes of different con-
centrations of Mn?* with a variety of acidities. The Mn-H cells with
different concentrations of Mn?*, ranging from 0.5 M to 4 M, exhibit
similar electrochemical behaviours in terms of discharge potential
and Coulombic efficiency (Supplementary Fig. 21). Supplementary
Table 1 shows that the energy density of MnSO, electrolytes increases
with concentration. However, due to the less efficient carbon felt
microfibre electrode, the Mn-H cell exhibits limited electrolyte
utilization (~36%) that leads to an energy density of ~19.6 Whkg™!
(based on the mass of the 1M MnSO,+0.05M H,SO, +H,0 elec-
trolyte). To optimize the energy density of the Mn-H cell, we have
constructed a Swagelok cell with nanostructured carbon elec-
trode that shows electrolyte utilization of ~74.3% in 4M MnSO,.
Accordingly, the achieved gravimetric and volumetric energy densi-
ties are 139 Whkg™ and 210.6 Whl™}, respectively (Supplementary
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Table 2, Supplementary Fig. 22 and Supplementary Note 6). In addi-
tion, it is revealed that a further increase of the electrolyte acidity
(ranging from 0.05M to 3M of H,SO, in 1 M MnSO,) results in bet-
ter electrochemical properties in terms of shorter charge time and
higher discharge potential (Supplementary Fig. 23). For example,
the cell in the electrolyte of 1M MnSO, with 3M H,SO, shows a
very fast charge rate of only ~36s to reach a capacity of 1 mAh cm™
(Supplementary Fig. 13). The cell discharge plateau is located above
1.4V, which is an enhancement of ~200mV as compared to the cell
in the acid-free electrolyte (Supplementary Fig. 23). However, due
to the harsh condition of the very acidic electrolytes and the related
corrosion issues, we focus on studying the Mn-H cell in the mildly
acidic electrolyte of 1 M MnSO, with 0.05M H,SO, unless otherwise
specified. The electrochemical behaviours of the Mn-H cell in dif-
ferent electrolytes highlight the importance of electrolyte optimiza-
tion for its outstanding electrochemical performance.

Characterization of the Mn-H cell

To confirm the energy storage mechanism of the Mn-H cell, we
investigated the evolution of both the cathode and the anode by
different characterizations. Ex situ scanning electron microscopy
(SEM) images show that, compared to the clean surface of pristine
carbon felt (Supplementary Fig. 24), the carbon felt cathode after
the first charge to 1 mAh cm™ was completely covered with a uni-
form layer of MnO, (Fig. 3a and Supplementary Fig. 25). The MnO,
was confirmed by X-ray diffraction (XRD) to be of gamma phase
(Fig. 3g), which is consistent with the characteristics of electrolytic
manganese dioxide”. The energy-dispersive X-ray spectroscopy
(EDX) of the MnO, shows pronounced peaks of Mn and O, fur-
ther confirming the composition of MnO, (Supplementary Fig. 25).
High-resolution SEM reveals a nanoporous layer of MnO, with
nearly vertically aligned nanosheets (Fig. 3b), which were further
characterized by transmission electron microscopy (TEM) to be of a
crumpled and entangled nanostructure (Fig. 3¢ and Supplementary
Fig. 26). High-resolution TEM shows the lattice fringes of 0.24 nm
and 0.26 nm, corresponding to the (131) and (031) planes of gamma
MnO,, respectively (Supplementary Fig. 27). We have carefully
examined many different areas of the cathode after the first charge
and confirmed the uniform deposition of MnO, over the whole car-
bon felt cathode (Supplementary Fig. 28). The MnO, on the cathode
disappeared after the first full discharge to 0.5V, returning the car-
bon felt back to its pristine morphology (Fig. 3d and Supplementary
Fig. 29). This is in good agreement with the XRD results, show-
ing the disappearance of the characteristic peaks of MnO, (Fig. 3g).
Observation of different areas over the whole cathode confirmed the
thorough dissolution of the MnO, following full discharge, and EDX
shows only carbon peaks on the cathode (Supplementary Fig. 29).
However, it was found that a small amount of the MnO, residue
remained on the carbon fibre, probably due to the incomplete dis-
solution of MnO, in the first discharge process (Fig. 3e). The MnO,
residues were characterized by TEM to be of a similar morphol-
ogy to the deposited MnO, (Fig. 3f and Supplementary Fig. 30). In
addition, numerous nanopores are clearly visible on the discharged
MnO, residues (Fig. 3f), which were formed by the gradual disso-
lution of the MnO, during discharge and were left as traces of the
incomplete dissolution. To better understand the charge storage
mechanism of the Mn-H cell, we investigated the cathode under
different discharge cutoff voltages and over long-term cycles. For
example, when the cell was not fully discharged (cutoff voltage of
~1.2V), the cathode shows the morphology of a partially coated
carbon fibre with MnO,, demonstrating that the discharge process
is indeed a gradual dissolution process (Supplementary Fig. 31). The
XRD of the cathode discharged to 1.2 V shows much weaker crystal-
line peaks of MnO, as compared to its charged state (Supplementary
Fig. 31). In particular, the cathode of the Mn-H cell after the long-
term 10,000 cycles still shows the well-maintained morphology of
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the carbon fibre without MnO, deposits, which is confirmed by the
EDX and XRD spectra (Supplementary Fig. 32).

To evaluate the oxidation state of the deposited MnO,, we have
performed X-ray photoelectron spectroscopy (XPS) measure-
ments on the cathode under the charged and discharged stages.
The cathode after charging to 1mAhcm™ shows pronounced
Mn spectra, which completely disappeared when fully discharged
(Supplementary Fig. 33). The core-level spectra of Mn 3s and O 1s
were utilized to determine the manganese oxidation states as sug-
gested previously’®'. In the case of the cathode at its charged state,
the average oxidation state of MnO, was calculated to be 3.9 on
the basis of the Mn 3s peak splitting energy of 4.47eV (Fig. 3h)’".
Therefore, the actual electron charge transfer number in the Mn-H
cell is 1.9. In addition, the deconvoluted O 1s spectrum can be fit-
ted with three components that are associated with the Mn—-O-Mn
bond (529.7 V) for tetravalent MnO,, the Mn—-OH bond (531.2€V)
for trivalent MnOOH and the H-O-H bond (532.6 V) for residual
water in the materials, respectively (Fig. 31).

The electrochemical performance of the Mn-H cell is partially
ascribed to the highly active anode towards HER/HOR. The Pt/C-
coated carbon felt anode shows high HER/HOR activities with little
overpotential and negligible degradation in the H,-saturated 0.05M
H,SO, electrolyte (Supplementary Fig. 34). Notably, the Pt/C-
carbon felt retained the same morphology and composition after
the Mn-H cell tests (Supplementary Figs. 35 and 36), demonstrating
its capability as the anode for both HER/HOR.

Scale-up of the Mn-H cell
To increase the cell capacity for large-scale energy storage applica-
tions, we have developed two different approaches to scale up the
energy storage capacity of the Mn-H cell. In the first approach, we
have increased the cell capacity by using thicker cathode carbon
felts with a larger surface area. The corresponding cells with dif-
ferent carbon felt cathodes are denoted as Swagelok cell I (thick-
ness: 3.18 mm; area: 1.cm?), cell IT (thickness: 6.35 mm; area: 1.cm?)
and cell IIT (thickness: 6.35mm; area: 2.5cm?), respectively. As
shown in Supplementary Fig. 37 and summarized in Fig. 4a,
the discharge capacity of cell II (3.78 mAh) is nearly double that
of cell I (1.9mAh) by simply replacing the cathode with one of
double thickness. Similarly, the capacity of cell III can be further
increased to 8.97 mAh by increasing the cathode area by 2.5 times.
The rechargeability test of cell IT under a charge capacity of 4mAh
cm~? shows a discharge capacity of 3.86 mAh cm™ after 600 cycles
(Fig. 4b), which corresponds to a capacity retention of 96.5%.
However, the Mn-H cell shows capacity decay under high charge
capacities (Supplementary Figs. 38-40 and Supplementary Note 7).
In the second approach towards the scale-up of the Mn-H cell,
we have built a membrane-free cylindrical-type cell for large-scale
energy storage. The cylindrical Mn-H cell is composed of a large
piece of carbon felt, electrolyte and a small piece of Pt/C-coated car-
bon felt anode (Fig. 4c and Supplementary Fig. 41). A steel vessel was
utilized to encapsulate all components and keep them in a hydrogen
atmosphere. Owing to the unique charge storage mechanism, it is
possible to utilize non-corresponding sizes of cathode and anode,
providing an economic pathway to the fabrication of catalysis-based
batteries by reducing the amount of catalyst at the anode. Figure 4d
shows the electrochemical discharge behaviour of the cylindri-
cal cell in the electrolyte of 1M MnSO, with 0.05M H,SO,. Due
to the same charge storage mechanism, the cylindrical cell exhib-
its similar electrochemical behaviours to that of the Swagelok cell
(Supplementary Fig. 42). In terms of the charging rate, it takes about
half an hour to reach a capacity of 15mAh (Supplementary Fig. 43).
We further observed a discharge plateau of ~1.2'V for various charge
capacities in the cylindrical cell, which is slightly lower than that of
the Swagelok cell. The cylindrical cell is capable of achieving capaci-
ties of 10-20 mAh. Specifically, the first cycle discharge capacities of
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Fig. 3 | Characterization of the cathode in the Mn-H cell. a-¢c, SEM (a,b) and TEM (c) images of the cathode after the first charge at 1.6 V to TmAh cm=2.
d-f, SEM (d,e) and TEM (f) images of the cathode after the first discharge at 10 mA cm=2to 0.5 V. The red circled areas in f indicate the generated
nanopores by MnO, dissolution. g, XRD of the cathode after the first charge and discharge. h,i, XPS of Mn 3s (h) and O 1s (i) of the cathode after the first
charge at 1.6 V to TmAh cm~2 The value of 4.47 eV in h refers to the Mn 3s peak splitting energy of the MnO, on the cathode. The black and red curves in
h and i correspond to the experimental and fitted results of the spectra of Mn 3s and O 1s, respectively. The orange and purple spectra in h represent the
two fitted components of the Mn 3s peak. The red, blue and green spectra in i represent the fitted components of the Mn-O-Mn, Mn-OH and H-O-H

bonds of O Ts, respectively.

the cell under charge capacities of 10, 15 and 20mAh are 9.7, 13.7
and 17.6mAh, corresponding to initial Coulombic efficiencies of
97%, 91.3% and 88%, respectively. In addition, the efficiency of the
cylindrical cell at a charge capacity of 15 mAh increases with the ini-
tial cycles, reaching ~96.7% within the first 50 cycles as revealed by
the stability test (Fig. 4¢). The long-term cycle stability result shows
that the cylindrical cell achieves ~94.2% of the charge capacity of
15mAh after 1,400 cycles (Fig. 4e). To further increase the energy
storage, one can simply enlarge the vessel by applying larger sizes
of the cathode carbon felts. The electrochemical performance of
the Mn-H cylindrical cell demonstrates another important strategy
towards large-scale energy storage applications.

Opportunities and challenges of the Mn-H cell

Our Mn-H cell has some unique features and advantages over the
previously reported battery systems. First, the Mn-H cell is con-
structed in the discharged state where the cathode consists of only
the carbon substrate. Therefore, the fabrication of the Mn-H cell is
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simplified by the cathode-less design, avoiding the complex prepa-
ration of the conventional MnO, cathode and thus providing a
cost-effective approach for the battery manufacturing. Second, the
manganese dissolution process, which is well known as the failure
mechanism in conventional aqueous manganese batteries", is now
utilized for our benefit as the principal charge storage mechanism
in the Mn-H cell. We discovered that the Mn>*/MnO, deposition—-
dissolution reaction is a highly reversible process, addressing the
cathode rechargeability and stability issues. Third, the two-electron
reaction of Mn**/MnO, gives rise to a high theoretical capacity of
616 mAhg™' for the Mn-H cell based on the mass of solid MnO,,
which doubles the value of most previous Mn batteries with a one-
electron reaction” (308 mAh g™'). Fourth, we have adopted a highly
reversible hydrogen electrode as the anode by utilizing Pt-catalysed
HER/HOR reactions to overcome the poor rechargeability of the
conventional anodes. Fifth, the fast kinetics of the Mn**/MnQO, reac-
tions at the cathode and the HER/HOR at the anode contribute to
the high rate capability of the Mn-H cell. Sixth, the high solubility
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Fig. 4 | Scale-up of the Mn-H cell. a, The discharge behaviours of the Swagelok cells with three different electrode sizes. Swagelok cell | (thickness:

318 mm; area: 1cm?; electrolyte volume: 100 ul) was charged at 1.6 V to 2mAh (2 mAh cm~2) and discharged at 10 mA cm~2to 0.5 V. Swagelok cell |l
(thickness: 6.35 mm; area: 1cm?; electrolyte volume: 200 pl) was charged at 1.6 V to 4 mAh (4 mAh cm~2) and discharged at 10 mA cm=2 to 0.5 V. Swagelok
cell 1l (thickness: 6.35 mm; area: 2.5cm?; electrolyte volume: 500 pl) was charged at 1.6 V to 10 mAh (4 mAh cm~2) and discharged at 10 mAcm=—2to 0.5V.
b, The cycle stability of cell Il when it was charged at 1.6 V to 4 mAh cm~2 and discharged at 10 mAh cm=2t0 0.5 V. ¢, Schematic and digital photograph

of the membrane-free cylindrical Mn-H cell. d, The discharge behaviour of the cylindrical cell with cathode carbon felt thickness of 6.35 mm and area of
10 cm?. The cell was charged at 1.8V to capacities of 10, 15 and 20 mAh, and then discharged at 20mA (2mAcm=2) to O V. e, The cycle stability of the

cylindrical cell with a charge capacity of 15mAh. The electrolyte is TM MnSO,,

of the Mn?* jons in water gives rise to a high theoretical gravimetric
energy density of ~174Whkg™ and volumetric energy density of
263 WhI™" in the 4M MnSO, electrolyte (normalized to the elec-
trolyte mass/volume including the MnSO, salt and water) for the
Mn-H cell, which is substantially higher than that of the conven-
tional Mn-based batteries. Seventh, the utilization of low-cost raw
materials such as MnSO, salt, carbon felt and glass fibre separators
in the Mn-H cell could make it an inexpensive system.

However, the achieved capacity and energy density of the Mn-H
cell is limited by the low efficiency of the carbon felt substrate.
Highly efficient substances such as carbon nanofibres are essen-
tial to the improvement of the electrochemical performance of the
Mn-H cell. In addition, platinum-free electrocatalysts are needed
for the development of low-cost hydrogen batteries for large-scale
energy storage.

The self-discharge performance is an important consideration
for battery energy storage. In terms of batteries for grid storage,
5-10h of off-peak storage™ is essential for battery usage on a daily

with 0.05M H,SO,,.

basis®. As shown in Supplementary Fig. 44, our Mn-H cell is capa-
ble of retaining ~95% of the initial capacity after 12h of self-dis-
charge, indicating its practical grid storage potential. The long-term
self-discharge behaviour of the Mn-H cell shows that the cell can
retain a potential of ~1.254V after 80h of self-discharge, although
the remaining capacity is ~71%. To improve the self-discharge per-
formance of the Mn-H cell, future work could be conducted on the
highly efficient cathode and anode current collectors, electrolyte
purification and advanced gas management of the whole battery
system (Supplementary Note 8).

Conclusions

We reported a rechargeable battery chemistry of Mn-H with prom-
ising electrochemical performance. The Mn-H battery chemistry
provides a methodology towards the development of high energy
density, fast charging rates and ultrastable batteries with potentials
for grid-scale energy storage. We expect further improvement of the
battery performance by exploring highly efficient electrodes and
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cell management systems. The cost of the Mn-H system can be fur-
ther reduced by the development of highly active, earth-abundant
HER/HOR electrocatalysts in the future.

Methods

Materials. The chemicals and materials in this work are all commercially
available and used as received: manganese sulfate monohydrate (MnSO,-H,O,
Sigma Aldrich), sulfuric acid (H,SO,, Sigma Aldrich), N-methyl-2-pyrrolidone
(NMP, Sigma Aldrich), platinum 40% on carbon (HiSPEC 4000, Fuel Cell Store),
polyvinylidene fluoride (PVDF, MTI), Whatman glass fibre paper (GF 8, thickness
of 350 um), titanium foils (thickness of 0.127 mm and 0.5 mm, Alfa Aesar),

carbon felts (thickness of 3.18 mm and 6.35 mm, Alfa Aesar) and deionized water
(resistance of 18.2 MQ, Milli Q).

Fabrication of Swagelok and cylindrical cells. The Swagelok cell was constructed
by connecting stainless-steel inlet and outlet valves with Klein Flange (KF) to
Swagelok adapters in a polytetrafluoroethylene (PTFE)-centred O-ring by a
clamp (Supplementary Fig. 6). The cathode and anode were sandwiched by a
glass fibre separator and assembled in a typical coin-cell stack into the Swagelok
cell. A thin layer of insulating PTFE film was placed inside the aluminium clamp
to isolate the cathode and anode. The cathode carbon felt was calcined at 450 °C
for 2h before acting as a current collector. The anode was prepared by pasting
Pt/C slurry onto one side of the carbon felt. It was then subjected to complete
drying at 60 °C under a vacuum for at least 24 h. The Pt/C slurry was prepared by
mixing Pt/C powder with the PVDF binder in a weight ratio of 9:1 in NMP and
stirred vigorously overnight. The Pt/C-coated side of the anode carbon felt was
directly in contact with the separator in the assembly of the Swagelok cell and its
other side was employed as a gas diffusion layer. High-purity Ti foils were used as
conductive current collectors for the carbon felt electrodes, to avoid any possible
contamination or side reactions. The assembled cell was purged with high-purity
hydrogen gas (99.99%, Airgas) to remove the trapped air from the cell. The
Swagelok cells were tested at room temperature under sealed conditions by locking
the valves.

The cylindrical cell was built by clamping a stainless-steel cylinder with a
KF to Swagelok adapter in a PTFE-centred O-ring (Supplementary Fig. 40). The
stainless-steel cylinder was machined at Stanford machine shop and served as the
cathode case. The cathode was constructed by rolling the calcined carbon felt into
the steel cylinder. The carbon felt was then welded to the steel cylinder with Ti foil.
The inner side of the steel cylinder was covered with a layer of insulating tape to
avoid any contamination from the stainless-steel vessel (Supplementary Fig. 40b).
The anode was built by connecting a KF to Swagelok adapter with a three-way
valve. It was accomplished by welding the Pt/C-coated carbon felt with Ti foil onto
the adapter (Supplementary Fig. 40c). The Pt/C-coated carbon felt was made by
pasting Pt/C catalyst onto both sides of the carbon felt. In the assembled cylindrical
cell, the cathode carbon felt was surrounded by the central anode with a gap of
~0.5cm. Around 14 ml of electrolyte (1M MnSO, with 0.05M H,SO,) was added
to the cell. The cell was then assembled and purged with high-purity hydrogen gas
(99.99%, Airgas) to get rid of the trapped air. The cylindrical cells were tested at
room temperature under sealed conditions by locking the valves.

Materials characterization. The morphology and microstructure of the electrodes
were characterized by SEM (FEI XL30 Sirion) and TEM (FEI Titan). XRD was
conducted by PANalytical X’Pert diffractometer using copper K-edge X-rays.

XPS was performed on an SSI SProbe XPS spectrometer with an Al K, source.

The average oxidation state of MnO, is calculated on the basis of the following
equation’:

AOS = 8.95—1.13AE(eV) 4)

where AE is the energy difference between the main Mn 3s peak and its satellite
peak.

Electrochemical measurements. The electrochemical measurements were carried
out on a Biologic VMP3 multi-channel electrochemical workstation at room
temperature. Due to the unique charge storage mechanism of the Mn-H cell, we
applied a chronoamperometry (that is, constant potential) technique to charge
our cells. Optimal potentials of 1.6 V and 1.8 V were used to charge the Swagelok
cells and cylindrical cells, respectively. The cells were discharged by applying
galvanostatic currents. The Swagelok and cylindrical cells were tested in a two-
electrode full-cell set-up, where carbon felt was applied as the cathode substrate
with Pt/C-coated carbon felt as the anode. A single layer of glass fibre separator
(GF-8, Whatman, thickness of 350 um) was used in the Swagelok cells, while no
membrane was used in the cylindrical cells.

The OER test was conducted in a three-electrode set-up by taking MnO,-
coated carbon felt (thickness of 6.35 mm) as the working electrode, a saturated
calomel electrode (SCE) as the reference electrode and a graphite rod as the
counter electrode. MnO,-coated carbon felt with a geometric area of 1 cm?* was
employed as the working electrode, without using any binder or conducting
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additives. The electrolyte was 0.5 M Na,SO,. The SCE reference electrode was
calibrated with respect to a reversible hydrogen electrode (RHE) in H,-saturated
0.05M H,SO, electrolyte, yielding a relation of E(RHE) = E(SCE) +0.325 V. Liner
sweep voltammetry was performed at 0.5mV s~ between 0.5 and 2V (versus SCE).
The reported current density is normalized to the geometric area of the MnO,-
coated carbon felt.

Gas chromatography measurements were performed on the 8610 C
gas chromatograph (SRI Instruments) by air-tight H- and T-shaped cells
(Supplementary Figs. 9 and 10 and Supplementary Notes 2 and 3).

The self-discharge measurements were conducted in the Swagelok Mn-H
cell by first charging at a potential of 1.6 V to 2mAh cm™ and then relaxing for
different durations. Open-circuit voltages were recorded during the relax times.

Simulation details. The ‘Electrodeposition, Secondary’ and “Transport of Diluted
Species’ physics models in COMSOL were applied to simulate the reactions and
concentration variations in the electrolyte. The simulation cell was rectangular with
a dimension of 250 pm X 250 pm at the base and a height of 350 pm corresponding
to the separator thickness (Supplementary Fig. 1). The initial concentration of
Mn?** ions was set to 1 M throughout the electrolyte. The diffusion coefficient

of Mn?* was set to 1.172X 107> cm?s™!, estimated from an ionic conductivity of
44mS cm™ using the equation of 6 =une and the Einstein relation D = ukT, where
o is the jonic conductivity, u is the ion mobility, 7 is the ionic concentration, e is
the Faraday constant to scale charge and molar concentration, D is the diffusion
coefficient, k is the Boltzmann constant and T is the temperature. In the case of
the charging process, the cathode was set at a constant potential of 1.6 V versus a
standard hydrogen electrode. The reaction was preceded on the concentration-
dependent Butler—Volmer kinetics, with an exchange current density of 8.18 Am™.
The charging process was terminated after a capacity of 1 mAh cm™ was obtained,
which was calculated to be achieved after 40s. The cell was then subsequently
discharged galvanostatically at a current density of 10 mA cm= until a capacity of
1mAhcm™ was stripped, which lasts for 360s.

Calculations of capacities and energy densities. The calculations of the electrolyte
utilization rate, capacities and energy densities of the Mn-H cells are normalized to
the mass/volume of the electrolytes including the MnSO, salt, additive and water.
The electrolyte utilization rate is defined as the ratio of the achieved capacity over
the theoretical capacity of the applied electrolyte in the Mn-H cell. The theoretical
capacity is calculated on the basis of the two-electron Mn**/MnO, reaction, which
is ~616 mAh g~! with respect to the mass of solid MnO, alone. The theoretical
capacities of the electrolytes are dependent on the solubility of the MnSO, in water,
yielding a theoretical specific capacity of ~141 mAh g™ and a volumetric capacity
of ~214 AhI" in the 4 M MnSO, electrolyte. The achieved specific/volumetric
capacities are obtained by the actual discharge capacities (mAh) over the mass/
volume of the applied electrolytes. Similarly, the theoretical energy densities of

the electrolytes are dependent on the solubility of the MnSO, in water, yielding a
theoretical gravimetric energy density of ~174 Whkg™' and a volumetric energy
density of ~263 Ah 1! in the 4 M MnSO, electrolyte by taking the standard cell
potential of 1.23V (Supplementary Table 1). The achieved gravimetric/volumetric
energy densities are obtained by the actual discharge energy (Wh) over the mass/
volume of the applied electrolytes (Supplementary Table 2).

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author upon reasonable
request.
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