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Acid-in-Clay Electrolyte for Wide-Temperature-Range

and Long-Cycle Proton Batteries

Shitong Wang, Heng Jiang, Yanhao Dong, David Clarkson, He Zhu, Charles M. Settens,
Yang Ren, Thanh Nguyen, Fei Han, Weiwei Fan, So Yeon Kim, Jianan Zhang,

Weijiang Xue, Sean K. Sandstrom, Guiyin Xu, Emre Tekoglu, Mingda Li, Sili Deng,

Qi Liu, Steven G. Greenbaum, Xiulei Ji,* Tao Gao,* and Ju Li*

Proton conduction underlies many important electrochemical technolo-
gies. A family of new proton electrolytes is reported: acid-in-clay electrolyte
(AICE) prepared by integrating fast proton carriers in a natural phyllosilicate
clay network, which can be made into thin-film (tens of micrometers) fluid-
impervious membranes. The chosen example systems (sepiolite—phosphoric
acid) rank top among the solid proton conductors in terms of proton con-
ductivities (15 mS cm™ at 25 °C, 0.023 mS cm™' at —82 °C), electrochemical
stability window (3.35 V), and reduced chemical reactivity. A proton battery
is assembled using AiCE as the solid electrolyte membrane. Benefitting from
the wider electrochemical stability window, reduced corrosivity, and excel-
lent ionic selectivity of AiCE, the two main problems (gassing and cyclability)
of proton batteries are successfully solved. This work draws attention to the
element cross-over problem in proton batteries and the generic “acid-in-
clay” solid electrolyte approach with superfast proton transport, outstanding
selectivity, and improved stability for room- to cryogenic-temperature protonic

1. Introduction

An electrolyte conducts specific ions
between two electrodes in electrochemical
devices while forbidding electrons and
other unintended ions to cross. The elec-
trolyte/separator combination should also
have sufficient mechanical strength and
toughness to prevent two electrodes from
mechanical penetration, and ideally can
also be made thin enough (10! um) to save
space and weight. Its properties set the
boundaries for the performance of elec-
trochemical cells, such as power density,
energy density, and durability.!. Among
the various solid electrolytes, the ones that
conduct alkali metal ions (especially for
Li*) are extensively developed for recharge-
able batteries.?l The developments of

applications.

lead-acid batteries and hydrogen fuel cells
over the past century have demonstrated

S. Wang, Y. Dong, T. Nguyen, F. Han, W. Fan, W. Xue, G. Xu, E. Tekoglu,
M. Li, J. Li

Department of Nuclear Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

E-mail: liju@mit.edu

S. Wang, T. Gao

Department of Chemical Engineering

The University of Utah

Salt Lake City, UT 84112, USA

E-mail: taogao@chemeng.utah.edu

H. Jiang, S. K. Sandstrom, X. Ji

Department of Chemistry

Oregon State University

Corvallis, OR 97331, USA

E-mail: david.ji@oregonstate.edu

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202202063.

© 2022 The Authors. Advanced Materials published by Wiley-VCH
GmbH. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited.

DOI: 10.1002/adma.202202063

Adv. Mater. 2022, 34, 2202063 2202063 (10f10)

D. Clarkson, S. G. Greenbaum
Department of Physics and Astronomy
Hunter College

City University of New York

New York, NY 10065, USA

H. Zhu, Y. Ren, Q. Liu

Department of Physics

City University of Hong Kong
Kowloon, Hong Kong 999077, China

C. M. Settens

Materials Research Laboratory
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

S.Y. Kim, J. Li

Department of Materials Science and Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

J. Zhang, S. Deng

Department of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

5U80 1] SUOWILIOD SAIISID) 3|ded! [dde au) Aq pouenob e sopp e YO ‘8N J0 S9N 10} ARIQIT 8UIIUO AB]1M UO (SUOTIPUD-PUE-SLLLBY WD A 1M ATeJd]1[BuU0//Sa) SUOIPUOD PUE SIS | 841 305 *[2202/TT/0Z] U0 ARIqIT 8UIUO ABIIM "BUINOL 3 SIELSS SaLkeIqIT 1Al Ad £9020220¢ BWPE/Z00T OT/I0P/LIC" A3 1M AT 1pUI U0/ Sy W01} POPEOlUMOQ ‘€2 ‘Z20Z ‘G607TZST


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202202063&domain=pdf&date_stamp=2022-05-02

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

20 ym
Acid

00

Clay

Acid-in-clay
electrolyte **

Anode

W

/  Superfast proton

v selectivity

www.advmat.de

ide-temperature-range and long-cycle proton batteries

Excellent high-rate/

conductivity low-temperature capability

Suppressed gassing
issue (OER/ HER)

Wider electrochemical
stability window

Suppressed corrosion of
electrodes/current collectors

Enhanced chemical
stability

Suppressed elemental
cross-over

Excellent ionic

b L A ———__

Figure 1. Schematic diagram of acid-in-clay electrolytes and their advantages for wide-temperature-range and long-cycle proton batteries.

the success of protons in energy storage and conversion.l
Recently, there has been a renewed interest in proton bat-
teries; however, the development of high-performance proton
batteries is hindered by the gassing problem and the poor cycle
life.’l Due to the narrow electrochemical stability window of
bulk liquid water (1.23 V), hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER) can be easily triggered
in aqueous electrolytes, which restrict the operating voltage of
proton batteries and lead to severe gassing problems.[®! The
gassing will expand the pouch cell, degrade the volumetric
energy density at the battery pack level, and cause safety prob-
lems. Attached gas bubbles also reduce the true contact area
between the current collector and electrolyte, increase imped-
ance, and accelerate degradation. In addition, the acidic elec-
trolytes can cause the dissolution of the current collectors or
electrode materials.”! Several strategies have been proposed to
address these challenges. One strategy is to broaden the voltage
window by coupling an alkaline electrolyte with an acidic one.”!
Such a design separates the acidic electrolyte from the alkaline
electrolyte by using multiple cell compartments, adding extra
weight and volume. Alternatively, new proton electrolytes are
being investigated. Nonaqueous electrolytes based on aprotic
solvents are attractive due to their noncorrosive nature and
wide electrochemical stability windows,® but they are limited
by the flammability and high cost. Another notable example of
the new electrolyte is the water-in-salt electrolytes, in which the
stability window can be expanded by increasing the molar ratio
of salt/water.’] Yet, the high viscosity and low ionic conductivity
remain a problem. Hitherto, none of these strategies have fully
addressed the challenges of rechargeable proton batteries, and
few studies examine the element cross-over problem, a crucial
contributor to capacity fading of the full cell.

A solid electrolyte may widen the electrochemical stability
window, suppress the dissolution of current collectors/active
materials, and prevent side reaction/cross-over of unwanted
ions. Nafion is the most well-known solid proton electrolyte,
but its fast proton conductivity (10>~10° mS cm™) can only be
maintained at a fully hydrated state (Table S1, Supporting Infor-
mation). Polybenzimidazole (PBI), heteropoly acids (HPA), lay-
ered hydrates, metal-organic frameworks (MOF), and covalent
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organic frameworks (COF) are also well-developed solid proton
conductors (Table S1, Supporting Information). However, their
proton conductivity is not satisfactory at/below room tempera-
ture (10~ to 10 mS cm™), inset in Figure 2a). Recently, modified
PBI, HPA, and polymers with good proton conductivities have
been developed, but most are used in high humidity environ-
ments for fuel cells (Table S1, Supporting Information). For the
above solid electrolytes, which rely on the thermal fluctuation
of water molecules (protons mainly transport via the structural
diffusion mechanism[%)), the proton conductivity drops dramat-
ically when humidity or temperature decreases. Additionally,
the poor thermodynamic stability of water limits their working
voltage, and conduction of other cations is possible because
of the high-water content in the electrolytes, resulting in low
proton-transport selectivity.

Natural clays contain abundant hydrophilic groups on the
internal surfaces, which can anchor proton donors, such as
H,0, acids, or alkalis, by hydrogen bonds or even covalent
bonds.™ The formed composites, also called geopolymers, have
been widely used as binders, adsorbents, pH buffering agents,
and catalysts.'2l However, few composites have been regarded
as solid electrolytes for proton batteries. In this work, we intro-
duce a series of inorganic solid proton electrolytes, denoted as
acid-in-clay electrolytes (AiCEs), that will address the gassing,
corrosion, and element cross-over problems of proton batteries.
AiCEs are synthesized by absorbing H;PO, into phyllosilicate
clays to form gel-like all-inorganic materials (Figure 1). Com-
pared with liquid H3PO, electrolytes, these AiCEs demonstrate
superfast proton conductivities (similar to aqueous electrolytes
but extended to liquid-nitrogen temperature without phase
transition), wider electrochemical stability windows (sup-
pressing gassing), enhanced chemical stability (inhibiting cor-
rosion of electrodes/current collectors), and excellent ionic
selectivity (restricting unwanted element cross-over). As a
result, the all-solid proton batteries with AiCEs show excellent
proton-transport characteristics (33% capacity retention at 720 C
under room temperature and 42% capacity retention at 1 C
under —60 °C) and cycling performance (20000 stable cycles
at 50 C under room temperature and 3000 stable cycles at 3 C
under —20 °C).
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2. Results

2.1. AiCE Synthesis and Proton-Transport Properties

Based on the ratio of tetrahedra sheets and octahedral sheets
in the phyllosilicate network, clay minerals can be classified as
1:1 type (i.e., halloysite) and 2:1 type (i.e., bentonite, sepiolite)*’]
(Figure S1, Supporting Information). In this paper, sepiolite is
chosen as the first example system for fabricating AiCE and
proton batteries due to its large internal surface area (Figure S2a,
Supporting Information). Afterward, the AiCE approach is
further demonstrated with another two representative clays
(bentonite and halloysite), and another representative acid (sul-
furic acid). Thermogravimetric analysis (TGA, Figure S2b, Sup-
porting Information) shows that the sepiolite contains 8.7 wt%
adsorbed water and 7.5 wt% structural water, based on which
its chemical formula can be written as Mg,H,(SiO3);-3.0H,0.
The dry clay powder is not malleable enough to make a solid
electrolyte. In contrast, the sepiolite becomes a gel-like solid
when a certain amount of water (weight ratio of water:clay =
3:1) is absorbed (Table S2, Supporting Information) and shows
a proton conductivity of 6= 0.18 mS cm™! at 25 °C. This finding
confirms that the absorbed proton donor can render the clay
proton-conductivity despite the low conductivity. Since liquid
phosphoric acid has the highest proton conductivity among all
known pure substances, the question is whether the proton
conductivity of the sepiolite can be further enhanced if phos-
phoric acid is integrated into the clay.

To address this question, a series of samples were made by
mixing phosphoric acid with sepiolite clay powders. The proton
concentration was tuned by changing the molar ratio (R) of
acid molecules to water in the acid solution, together with the
liquid (the acid solution) to solid (clay powder) weight ratio
(N) (Table S2, Supporting Information). R was adjusted from
0 to =1.0 (85 wt% H;3PO,), and N was adjusted in the range of
1-6. We found when N is small the AiC compounds are too
dry for AiC particles to bind with each other, but when N is
large the AiC compounds become fluid-like. The ionic conduc-
tivities of these samples were measured (Table 1 and Figure
S3a and Table S1, Supporting Information), and the maximum
values of 15 mS ecm™ at 25 °C and 0.023 mS cm™ at -82 °C
were obtained when R = 0.3 and N = 4 (hereinafter denoted as
SP-0.3-4, in which S stand for sepiolite and P stands for phos-
phoric acid). The molar formula of SP-0.3-4 can be written as
Mg,Si;0,(OH);-34.0H,0-10.0H;PO, (the schematic diagram

www.advmat.de

of the empirical reaction between the acid and clay is illustrated
in Figure S4, Supporting Information). The activation energy
is calculated by fitting the results with the Arrhenius equation
(Figure S3c, Supporting Information). Surprisingly, in the range
of 25 to —20 °C, the effective activation energy is lower than
most of the best proton electrolytes, including fully hydrated
Nafion and liquid H3POy, as well as most conductive solid Li-ion
electrolytes (Table 1). In comparison, H;PO, solutions show a
maximum conductivity at R = 0.3 (63 wt% of H3;PO,, denoted
as H3PO,-0.3) (Table S3, Figure S3b, Supporting Information).
The activation energy of SP-0.3-4 is slightly lower than that of
H;3P0,-0.3 (Table 1 and Table S4, Supporting Information), sug-
gesting a reduced barrier for proton conduction in the AiCE. 'H
solid-state NMR spectroscopy further confirms the fast proton
transport in AiCE with an apparent activation energy of 0.15 eV
above 0 °C (Figure S5a,b, Supporting Information). The cal-
culated diffusion coefficients from NMR are 1.4 x 107! m? s7!
at 25 °C and 2.1 X 1072 m? 57! at —40 °C (Figure S5c,d, Sup-
porting Information), which are comparable to those of liquid
H;P0,.[% Tt should be noted that the equivalent concentration
of acid (H3PO,) in SP-0.3-4 is 8.6 mol L™, which is close to the
9.5 mol L' concentration of the concentrated acid (H3P040.3).
This similarity in acid concentration suggests that the packed-
acid mechanism('% could be operative for AiCE. Compared with
the structural diffusion mechanism (the main proton-transport
mechanism in dilute acids or solid electrolytes that relies on
humidity), the packed-acid mechanism (the proton-transport
mechanism in concentrated acids or AiCEs) will weaken
H-bonds, resulting in enhanced proton transport.1% The com-
parison between the structural diffusion mechanism and the
packed-acid mechanism is illustrated in Figure S6, Supporting
Information. Compared with the recently reported solid proton
electrolytes!'”! and liquid proton electrolytes, the AiCE’s proton
conductivity is among the best (Figure 2a).

To examine the electrochemical and chemical stability win-
dows of the electrolyte, linear scanning voltammetry is first
performed (Figure 2b). For SP-0.3-4, HER starts at —1.25 V,
and OER starts at =2.1 V (vs Pt**/Pt), corresponding to an elec-
trochemical stability window of 3.35 V, which is much wider
than the =1.6 V window of H3P0O,0.3. The expanded stability
window is beneficial for the gassing problem when high-
voltage cathodes and low-voltage anodes are used, which prom-
ises enhanced energy density as well as cycling stability. The
Tafel plot of the Ti electrode is then measured to assess the
corrosiveness of the AiCE (Figure 2c). The corrosion potential

Table 1. Comparison about proton-transport kinetics of the representative proton electrolytes in this work.

Materials Proton conductivity at 25 °C Activation energy at 25 °C Proton conductivity at —82 °C Activation energy at —82 °C
[mS em™] [eV] [mS em™] [eV]

SP-0.3-4 15 0.12 0.023 0.65

HP-0.3-2 15 0.15 0.013 0.71

BP-0.2-1 14 0.22 0.001 0.77

H;PO, (100 wt% H3PO,) 22 0.46 0.0002 0.88

H3PO,-1.0 (85 wt% H;3PO,) 48 0.28 0.019 0.85

H;3P0,-0.3 (62 wt% H3PO,4) 46 0.19 0.070 0.59

H;P0O,-0 (H,0) 0.52 0.14 0.005 (—42 °C) 0.28 (42 °C)
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Figure 2. Kinetic and thermodynamic properties of AiCEs. a) The conductivity comparison of AiCEs (SP-0.3-4, HP-0.3-2, and BP-0.2-1) with liquid elec-
trolytes (H3PO,, H3PO,-0.3, H3;PO,-1.0, H,0), and other solid proton electrolytes (violin plots inset). PBI: polybenzimidazole; HPA: heteropoly acid;
MOF: metal-organic framework; COF: covalent organic framework. The references are listed in Table S1, Supporting Information. b,c) Comparison of
linear scanning voltammetry at 0.1 mV s™' (b) and Tafel curves (c) about the corrosion on metallic titanium foil of SP-0.3-4 and H3PO4-0.3.

is suppressed from —462 mV for H3;P0,-0.3 to —454 mV for
SP-0.3-4 (vs Pt**/Pt). Meanwhile, the corrosion exchange cur-
rent density is reduced by more than one order of magnitude,
from iy = 10.2 UA cm™ to iy = 0.50 A cm™2 for SP-0.3-4. These
results demonstrate the reduced corrosiveness of SP-0.3-4
toward the Ti current collector.

2.2. Structural Study of AiCE

Structural analyses were conducted to study the interactions
between the acid and clay. Scanning electron microscopy
(SEM) images show that the pristine sepiolite comprises fibers
of =100 nm in diameter and several micrometers in length
(Figure 3a). The X-ray diffraction (XRD) pattern shows broad
peaks at 10°-30°, suggesting that the sepiolite loses its crystal-
linity after reacting with the acid solution (Figure S7a,b, Sup-
porting Information). The newly formed Si—O—P bond® in
Fourier-transform infrared (FTIR) spectroscopy confirms a
chemical reaction between the acid and clay (Figure S7c, Sup-
porting Information). The gellike material formed exhibits
a Young’s modulus of 56 MPa and a hardness of 2.4 MPa,
similar to elastic polyurethanes,!” indicating AiCE is a soft
solid material (Figure 3b). In situ cryogenic XRD results show
no detectable changes in the amorphous structure when the
temperature is scanned from room temperature to —83 °C
(Figure 3c), implying the proton conductive network can be
well maintained in a wide temperature range without a temper-
ature-induced first-order phase transformation, unlike that of
bulk water (water <> ice) with its associated dramatic reduction
of proton conductivity upon freezing. From the analysis in the
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above section, the strong acid—acid interactions of the packed-
acid mechanism will weaken H-bonds, thereby improving the
proton conductivity. Simultaneously, the weaker H-bonds will
lead to a stronger O—H bond and better stability.?”) The pair
distribution function is then plotted to investigate the bonding
length of local structures (Figure 3d). After integrating acid in
the clay, the Si—O and Mg—O peaks in the pair distribution
function analysis of SP-0.3-4 are weak due to the low fraction of
Mg,Si30,(OH), (15 wt%) in SP-4.5-0.3. The newly formed P—O
peak in SP-0.3-4 suggests the reaction between phosphoric acid
and sepiolite, which is consistent with the results of FTIR. The
length of the O—H bond in SP-0.3-4 is shorter than the O—H
bond in H3P0,-0.3,*! which rationalizes the enhanced electro-
chemical and chemical stabilities of SP-0.3-4. Meanwhile, the
increased H-bond (OH—O0) length in SP-0.3-4 demonstrates the
packed acid mechanism and enhanced proton conductivity.

2.3. Proton Batteries with AiCE

The poor cycle life of proton batteries with liquid electrolytes
is attributed to several reasons: gassing, dissolution of the
current collectors/electrodes by the electrolyte, as well as the
subsequent chemical cross-over and contamination of elec-
trodes. Replacing the liquid electrolyte with a noncorrosive
and stable solid electrolyte can, in theory, address these prob-
lems. However, many all-solid-state batteries suffer from poor
interfacial contact, poor ionic conductive network in the elec-
trodes, and difficulty in manufacturing thin-film due to brit-
tleness and sensitivity to moisture. Here, all-solid proton
batteries with AiCE as the solid electrolyte (denoted as SPB) are

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Structural study of AiCE. a) SEM image of the sepiolite. Inset: photograph by a camera. b) SEM image for SP-0.3-4. Inset: photograph by a
camera. c) In situ cryogenic XRD patterns for SP-0.3-4. d) Pair distribution function analysis for H;P0,-0.3, sepiolite, and SP-0.3-4.

fabricated under air atmosphere, using Ti foil, preprotonated
Cu[Fe(CN)glo.63- Do.37- 3.4H,0 (H-TBA) and MoOs as the current
collector, cathode, and anode, respectively.** A proton battery
with H3;PO,-0.3 as the liquid electrolyte was made to be the con-
trol (denoted as LPB). Compared with the excellent fluidity of
liquid acid, the solid SP-0.3-4 is challenging to be infiltrated into
electrode pores to construct a fast proton conductive network.
Therefore, a new recipe of AiCE was developed to enhance its
fluidity by increasing the liquid amount by 10% during electro-
lyte synthesis (Table S2, Supporting Information), leading to an
increased R ratio from 0.28 (SP-0.3-4) to 0.31 and an increased
N ratio from 4 to 5. For this reason, the new solid electrolyte
can be termed SP-0.3-5. SP-0.3-5 shows a similar amorphous
structure (Figure S8a, Supporting Information) as SP-0.3-4.
The Young’s modulus (3.6 MPa) and hardness (0.34 MPa) have
been successfully decreased by one order of magnitude com-
pared with SP-0.3-4. As a result, the non-Newtonian fluid prop-
erty of SP-0.3-5 (inset in Figure S8a, Supporting Information)
can facilitate its infiltration into the pores of the cathode and
anode (Figure S9, Supporting Information). Consequently, the
charge transfer resistance of the SPB (4.5 Q) is comparable to
that of the LPB (5 )1d (Figure S10a, Supporting Information).
It should be noted that the proton conductivity, electrochemical
stability window as well as chemical reactivity of SP-0.3-5 are
similar to those of SP-0.3-4 (Figure S8b-d, Supporting Infor-
mation). Although it is crucial for this “non-Newtonian fluid
wetting agent” to improve contact without sacrificing electro-
chemical/chemical stabilities and proton conductivity, it is
hard to use SP-0.3-5 as the main solid electrolyte owing to its
poor film-forming property (tend to cause a short circuit when
applying pressure during battery cell assembly). Therefore,
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SP-0.3-5 was used as the “wetting agent” and SP-0.3-4 was used
as the “separator membrane” in the following SPBs. The thick-
ness of the SP-0.3-4 membrane is controlled to be =150 um
during the electrolyte coating process and is then compressed
to =20 um (Figure S9e, Supporting Information) during the cell
assembling process (because the soft gel-like electrolyte can be
easily squeezed under external pressure, without forming pin-
holes or cracks).

The SPB shows two voltage plateaus at 1.2 and 0.7 V (Figure 4a
and Figure S10b, Supporting Information), corresponding to
the two redox peaks of MoO; (Figure S11, Supporting Informa-
tion). It provides a specific capacity of 32 mAh g™ at 50 mA g™
(L5 C), comparable to lead-acid batteries,?”) and maintains
33% capacity even at an extremely high current density of
16000 mA g (720 C, Figure S10c,d, Supporting Information).
Such excellent rate performance is comparable to supercapaci-
tors?? (Figure 4e and Table S5, Supporting Information). Low-
temperature tests at —60 °C show the SPB can keep 42% of the
room temperature capacity (Figure S12a, Supporting Informa-
tion) and 77% capacity at 500 mA g compared to 50 mA g
at —35 °C (Figure S12b, Supporting Information). Furthermore,
pouch cells of the LPB and the SPB were assembled to examine
the gassing problem at room temperature. Severe gassing was
seen in the LPB at the open-circuit voltage (discharged state,
Figure 4b inset); the current collectors were almost dissolved
and purplish liquid leakage was found outside the pouch cell.
These problems prevented further cycling tests of the LPB. In
contrast, the SPB pouch cell shows no detectable gassing and
stable cycling of 1000 cycles at 200 mA g™! (inset in Figure 4b
and Figure S13, Supporting Information). It retains 74% of
capacity at the 20000th cycles when cycled at 1000 mA g™' under
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Figure 4. Electrochemical study for proton batteries with AiCE. a) Galvanostatic charge/discharge potential profiles for the SPB at different current
rates. b) Cycling performance of the SPB at 200 mA g™'. Insets are the digital images of pouch cells: the LPB after resting for 30 days under 25 °C, and
the SPB after 1000 cycles under 25 °C. c,d) Cyclability and Coulombic efficiency of the SPB at 1000 mA g~' under 25 °C (c) and the SPB at 100 mA g~
under —20 °C (d). e) Ragone plot with cyclability for the proton battery, Ni—-Cd/Ni-MH battery, Pb—acid battery, supercapacitor, and Li-ion battery (in
consideration of energy and power densities for electrodes, the references’ values are calculated as double of the real values in cell system, all the
specific capacities, and energy densities in this work were calculated by using the total mass of cathode and anode, including active materials, conduc-

tive carbon, and binder).

room temperature (Figure 4c), 100% of capacity at the 3000th
cycle when cycled at 100 mA g under —20 °C (Figure 4d), and
93% of capacity at the 500th cycle when cycled at 50 mA g
under —-35 °C (Figure S12d, Supporting Information). These
results demonstrate that replacing the liquid electrolyte with an
AiCE can significantly boost the cycle life of the reported proton
batteries (Table S6, Supporting Information). The energy and
power densities of the SPB and other energy storage technolo-
gies are compared in Figure 4e and Table S7, Supporting Infor-
mation. Proton batteries could fill the gap between Pb-acid
batteries and supercapacitors or even replace them. Notably,
proton batteries are suitable for several applications: A) The
niche market that requires the fast-charging times of super-
capacitors but higher energy densities than what supercapaci-
tors can provide. For example, a charge rate of 100 C, a life of
>20000 cycles, and an energy density greater than twofold that
of supercapacitors. B) The niche market that requires the
energy density of Pb-acid batteries but much longer life and
faster charging than what Pb-acid batteries can provide. For
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example, tenfold cyclability and >100-fold fast-charging capa-
bility of the current Pb-acid batteries. C) The niche market
requiring energy storage systems that can work at subzero tem-
peratures. Owing to the excellent cryogenic proton conductivity
of AiCE, the proton batteries can operate at the coldest places
on earth (e.g., Antarctica) or even for extraterrestrial applica-
tions (e.g., Mars or Moon missions). More fundamental studies
are performed and discussed next to reveal the mechanisms
behind the improved cycling performance.

In situ optical microscopy of the batteries shows that gas
bubbles evolve vigorously at both electrode|electrolyte inter-
faces and current collector|electrolyte interfaces in the LPB
(Figure 5a,b and Figure S14, Videos S1, S2, Supporting Informa-
tion). Particularly, a severe gassing problem happened on the
anode side, resulting in the separation of electrode material and
current collector. In contrast, no gassing can be seen visually
for the SPB even after 480 min of cycling (Figure 5c and Video
S3, Supporting Information). The corrosion and dissolution of
current collectors and electrodes are quantified by inductively

© 2022 The Authors. Advanced Materials published by Wiley-VCH GmbH

95UB01 7 SUOLULLOD A1) 3cfedt [dde 8y Aq pauen0b 8.8 S3o11e YO ‘SN JO S3INJ 10) ARIqITaUIIUQ AB]I/M UO (SUOT PUOO-PUR-SLLIBIWI0D" A3 1M ATeIq 1 [Bu 1 [UO//ScIY) SUORIPUOD PUe SWLB | 8U 89S *[2202/TT/02] Uo AfeiqiTaulluO A8]IM Bunor 7 S[eLes salelqi 1IN AQ £90202202 BWPe/Z00T OT/I0p/uod™Aa]im Ake.q 1 pul|uo//sdny woij pepeoiumod ‘€z ‘2202 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

100 min

\

www.advmat.de

Ti current collector

Cu[Fe(CN),J 3.4H,0

® ©

Liquid H;PO, 43.5%*

4 % 1
1
]

17.7% H
@ MoO,

Ti current collector

Ti current collector

=o(CN)] 3.4H,0

cu (Fo
P ©
H X X
1 Y \ 4
L
>.< Acid-in-clay A
4 | electrolyte X
; H

MoO,
@ Ti current collector

Figure 5. Mechanism study for proton batteries with AiCE. a—c) In situ optical microscopy observation of the LPB (a,b) and the SPB (c) charged and
discharged at 4 C. d,e) Schematic diagram of the advantages of the SPB (e) compared with the LPB (d).

coupled plasma mass spectrometry (ICP-MS) of the cycled
liquid electrolyte from the LPB. Mo, Cu, Fe, and Ti elements
are present in the cycled liquid electrolyte (Table S8, Supporting
Information), and their amounts correspond to 43.5% dissolu-
tion of MoQ;, 35.5% dissolution of H-TBA, and 46.8% disso-
lution of Ti current collectors (Figure 5d). It should be men-
tioned that the calculated Cu element in the liquid electrolyte
is 17.8%, which is 177% less than the dissolved amount (molar
ratio of Cu:Fe is 1:1 in H-TBA). This 177% of Cu appears on the
anode side due to its cross-over, evidenced by the X-ray photo-
electron spectroscopy (XPS). Cu signals appear on the MoO;
in the LPB after cycling, demonstrating that the Cu elements
at the cathode side can pass through the passivation layer, dis-
solve into the liquid electrolyte, cross over and deposit on the
anode side (Figure S15b, Supporting Information). Besides, Ti
signals appear on both cathode and anode of the cycled LPB
(Figure S15a,b, Supporting Information), implying corrosion
and dissolution of current collectors by the liquid acid electro-
lyte. In contrast, no elements from the cathode can be observed
on the cycled MoOs in the SPB, and the absence of Mo, Cu,
Fe, and Ti elements in the cycled SP-0.3-4 further confirms the
prevention of cross-over (Figure 5e and Figure S15¢, Supporting
Information). Self-discharging analysis at the fully charged
state is also a technique to reveal the dissolution and cross-over
problems. For the LPB, 12 h rest will cause 55% capacity loss,
whereas 83% capacity of the SPB can be maintained after 48 h
rest (Figure S16a, Supporting Information), a 13-fold improve-
ment. Besides, the XRD and FTIR analysis of SP-0.3-4 before
and after cycling also demonstrates that the average structure
and chemical bonding are stable under the long-term operating
environment (Figure S16b,c, Supporting Information). Based
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on these results, AiCE can prevent gassing, corrosion, and ele-
ment cross-over, thereby enhancing the cyclability of the proton
battery.

2.4. The Universality of the AiCE Approach

To demonstrate university of the AiCE approach, more types of
acids (sulfuric acid) and clays (bentonite and halloysite) were
investigated. Bentonite and halloysite were chosen for two rea-
sons: first, their structures and chemistries are different but
representative of a wide range of clays;?3 second, they have
different internal surface areas, thereby different absorption
ability (Figure S2a, Supporting Information), allowing the syn-
thesis of AiC compounds with various amounts of clay/acid.
Besides phosphoric acid, sulfuric acid is also a widely studied
liquid proton conductor and the main proton donor in modi-
fied polymer-based proton membranes’>?4 (Table S1, Sup-
porting Information). The formulas of clays are calculated to
be H,Al,04Si-1.19H,0 (bentonite) and H,A1,04Si,-0.32H,0
(halloysite) based on TGA analysis (Figure S2, Supporting
Information). Similar to sepiolite, dry bentonite and halloysite
are barely malleable to make pinhole/crack-free solid elec-
trolytes. After absorbing water, both clays demonstrate malle-
ability and proton conductivities (Figure S17c,d, more details
about the composition ratios are shown in Table S2, Supporting
Information). When H;PO, molecules are absorbed into the
structure, a similar gel-like phase with low crystallinity can
be obtained (Figure S17a,b, Supporting Information), which
shows enhanced proton conductivity: up to 15 mS cm™ under
room temperature, with the optimized composition of R = 0.3
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for halloysite (HP-0.3-2), and R = 0.2 for bentonite (BP-0.2-1).
The cryogenic proton conductivity and the activation energies
of both electrolytes are close to that of HP-0.3-2 (Figure 2a
and Table S4, Supporting Information). The proton conduc-
tivity gradually decreases with decreasing temperatures, and
0.013 mS cm™! (HP-0.3-2) and 0.001 mS cm™ (BP-0.2-1) can be
realized at —82 °C (Table 1 and Table S1, Supporting Informa-
tion). Finally, a 3 M sulfuric acid solution was chosen to synthe-
size AiCEs with sepiolite, halloysite, and bentonite. A similar
trend of structural change, proton conductivity enhancement,
and chemical and electrochemical stability improvements dem-
onstrates the universality of the AiCE approach (Figures S18,
S19, and Notes S4, S5, Supporting Information).

3. Discussion and Conclusion

Based on our experiments (Figure 1), we see that: 1) Since
there are many more types of natural materials with abundant
internal surfaces (like clays and woods®’)) than the materials
studied in this work, it is reasonable to conjecture that more
solid proton electrolytes with superfast proton conductivity and
special properties can be synthesized by integrating proton car-
riers (water and acids) into the hydrophilic networks. The sup-
pression of first-order freezing transition and the associated
drastic drop in proton conductivity down to —82 °C is one of
the benefits of this approach. Engineering the chemical proper-
ties of these internal surfaces could be a universal approach to
modifying their bulk properties and achieving unprecedented
performances. 2) The acid-in-clay electrolyte can suppress the
chemical reaction kinetics of the protons and structural water,
resulting in suppressed gassing problem (HER and OER) and
suppressed corrosion of electrodes/current collectors. 3) The
fading mechanism by element dissolution and cross-over is a
long-term issue in redox flow batteries/*! and Li-S batteries.[*’!
It is also attracting increasing attention in lithium-ion batteries
with manganese spinel® and nickel-rich layered cathodes.*”!
Here, we demonstrate that unwanted element cross-over could
also be an overlooked but essential factor for the capacity
fading in proton batteries. A solid electrolyte could be an excel-
lent ionic selective membrane to stop element dissolution and
cross-over of unwanted cations. 4) AiCE is highly malleable and
can be easily made into a fluid-impervious thin membrane with
thickness <20 um, which has the suitable mechanical proper-
ties as a separator. Because its modulus can be easily tuned
by the amount of water/acid addition, its non-Newtonian flow
behavior in the high water/acid addition limit can be utilized
to achieve excellent ionic contact with the active material as
well. Besides, AiCE is air/moisture tolerant, enabling the bat-
tery to be assembled under ambient conditions without using
a glovebox. AiCE can be stored and transported easily without
a significant drop in performance. 5) The AiCE approach could
also be used in many other applications like electrochemical
synapse,*% electrosynthesis,’l redox flow batteries,? CO,
reduction,®” and NH; production,*®l with the advantages of
fast proton conductivity, improved electrochemical window,
free-of-crossover, and reduced corrosiveness.

To summarize, we develop an “acid-in-clay electrolyte” (AiCE)
approach to prepare a series of novel proton electrolytes. Owing
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to the advantages of superfast proton transport, excellent selec-
tivity, and enhanced stability, we demonstrate the superiority of
the proton electrolytes in solving two main challenges in proton
batteries: gassing and poor cycling performance. The solid
proton batteries show 20000 stable cycles at 1000 mA g~! with
only 26% capacity decay under room temperature, and 3000
stable cycles at 100 mA g* with almost 100% capacity retention
under —20 °C. More broadly, the AiCE approach opens a new
avenue for designing and tailoring electrolyte properties for var-
ious electrochemical technologies based on proton conduction.

4. Experimental Section

Materials Synthesis: All the phyllosilicate clays, including sepiolite,
hydrophilic bentonite, halloysite, 85 wt% phosphoric acid, and 95 wt%
sulfuric acid were purchased from Sigma-Aldrich. For a typical synthesis
of integrated acid/H,O in clays, a specific concentration of acid and
H,0 was first mixed to form a uniform solution. Then the solution
was ground with the clay powder in a mortar for several minutes to
form a gel. More details about the composition ratios are shown in
Tables S2 and S3, Supporting Information. Preprotonated TBA (H-TBA)
was synthesized by chemical reduction of Cu[Fe(CN)g]o63:T37-3.4H,0
by N,H4 under Ar protection. MoO; was prepared by a hydrothermal
reaction between (NH,)gMo0;0,44H,0 and HNO; solution (more details
are shown in previous workll),

Materials Characterizations: In situ XRD with a temperature control
stage (PANalytical Empyrean Diffractometer; Cu K, radiation with
wavelength A = 1.5418 A) was used to characterize the phase and the
temperature-dependent  structural information. Solid electrolytes
were assembled in coin cells with a Kapton window that ensures
the penetration of an X-ray beam. The measurements were first
conducted at 300 K, and then the temperature was set from 300 to
190 K with a 10 K temperature interval, a ramping rate of 2 K min™,
and a 10 min constant temperature rest before each measurement.
Pair distribution function measurements were conducted at 11-ID-C
beamline at Advanced Photon Source, Argonne National Laboratory.
The samples were sealed in capillary tubes. TGA was carried out using
TA Instruments, Discovery with a heating rate of 2 °C min™ in air.
The SEM (MERLIN VP Compact) was performed to characterize the
morphology. The nanoindentation tests were performed using a Tl 950
Triboindenter (Hysitron, Inc.), equipped with a Berkovich diamond tip
to examine mechanical properties. The hardness and Young’s modulus
were evaluated based on the Oliver-Pharr method. Inductively coupled
plasma optical emission spectrometry (ICP-OES, Perkin EImer 2100 DV)
was applied to analyze the electrolyte compositions. The Brunauer—
Emmett-Teller specific surface area of the samples was conducted on
a Micrometrics ASAP 2020 physisorption analyzer using the standard
N, adsorption and desorption isotherm measurements at 77 K. XPS
was conducted using PHI Versaprobe Il system. FTIR was analyzed on
Thermo Scientific portable FTIR analyzers. For the 'H solid-state NMR
measurements, the sample was packed into a 5 mm NMR tube under
a dry nitrogen atmosphere in a glove bag, sealed with tight-fitting caps,
and stored in a desiccator. All measurements were performed using a
300 MHz ('H frequency) Varian Direct Drive spectrometer and a Doty
broadband Z-spec gradient probe.

Electrochemical ~Characterizations: To prepare electrodes, active
mass, conductive carbon, and binder were mixed with a specific weight
ratio of 80:10:10 to form a homogenous slurry, which was spread on
commercial Ti foils (10 um) and dried at 60 °C in a vacuum for 12 h.
The active mass loadings for the MoO; anode and H-TBA cathode were
around 2.0 mg cm™2 (=40 um) and 4.0 mg cm™2 (=15 um), respectively.
The negative:the positive capacity ratio was controlled to be =1.0:1.0.
For the cells with solid electrolytes, a small amount of SP-0.3-5 was
used to wet the electrodes (8 mg cm?). Then SP-0.3-4 (=150 pum) was
coated uniformly on the surface of the wetted cathode, and the anode
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was put on the solid electrolyte. Coin cells were assembled by Digital
Pressure Controlled Electric Crimper (MTI, corporation), and pouch
cells were sealed by an MSK-11A-S vacuum sealer. Some SP-0.3-4 was
squeezed out of the electrodes by the pressure during cell assembling,
resulting in a thickness decrease to =20 pum. The weight ratio of solid
electrolyte:electrodes was 8.1:1.0. The cells with liquid electrolytes were
measured in Swagelok cells composed of three electrodes and a pouch
cell configuration (polyether-sulfone membrane with 100 um was used
as the membrane, the weight ratio of liquid electrolyte:electrodes was
8.0:1.0), where the detailed procedures were shown in previous work.ld
All the C-rates in this work were calculated based on the real charge/
discharge time. All the specific capacities in this work were calculated
using the total mass of cathode and anode, including active materials,
conductive carbon, and binder.

Gamry (Reference 3000) electrochemical workstation was used
for cyclic voltammetry and also for electrochemical impedance
spectroscopy (EIS) from 0.1 Hz to 1 MHz, with a perturbation of
50 mV applied. To measure the electrochemical stability window,
linear scanning voltammetry was also performed by electrochemical
workstation in Swagelok three-electrode cells with Ti rod as the working
and counter electrodes, and Pt wire as the reference electrode. In situ
cryogenic EIS measurements were conducted on a homemade physical
property measurement system (PPMS)-Gamry linked platform. Two-
electrode devices were first made by using stainless steels as the
working and counter electrodes and transferred into the cavity of
PPMS (Quantum Design PPMS DynaCool). Then PPMS was used to
control the temperatures, and the Gamry electrochemical station was
used for EIS measurements. In situ optical microscopy measurements
were conducted for a homemade cell with an optical micro zoom
inspection system (Scienscope, MZ7A). The cell was connected to the
Gamry electrochemical workstation for galvanostatic discharge/charge
at 4 C at room temperature. For self-discharge measurements, the
batteries were first charged to 1.5 V at 50 mA g, rested for a specific
time (0, 6, 12, 24, 48 h) before discharging to 0 V at 50 mA g™'. The
discharge capacity retention could be calculated from each battery at
different rest times compared with the one with a rest time of 0 h. For
low-temperature measurements, the multi-temperature performance
was measured in a biomedical freezer (SANYO) at —20, —35, -50,
and —60 °C, where the cells were submerged under isopropyl alcohol
solution in a cryogenic storage Dewar mixture. All the cells were tested
on a LAND 2001A Cell test system and cycled between 0 and 1.5 V at
different temperatures.

Statistical Analysis: Violin plots in the manuscript were used to better
illustrate the variations in the data. The shape of each violin plot was a
kernel density estimation to illustrate the distribution shape of the data.
Wider sections of the violin plot represented a higher probability that
members of the population would take on the given value; the thinner
sections of the plot represented a lower probability. For the capacity
measurements, three cells were assembled and compared, and the cell
with the representative average behavior was chosen to demonstrate the
performance.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Supplementary Figures
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Figure S1 Schematic diagram about the crystal structural of typical clays.
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Figure S2 (a) BET surface area analysis and (b) Thermogravimetric analysis of sepiolite, bentonite, and
halloysite clays.
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Figure S3 Comparison of proton conductivity for (a) sepiolite-based AiCEs and (b) H3PO4 with different
concentrations, (c, d) linear fitting for the calculation of activation energy in Table S4.
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Figure S4 Schematic diagram illustrating the empirical reaction between acid and clay!!l.
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Figure S5 The activation energy and diffusion coefficient analysis via 'H NMR. (a) Relaxation time 71, (b)
spin lattice relaxation rate Ri, (c) proton relaxation correlation times and (d) calculated diffusion coefficients
of for SP-0.3-4. More analysis is shown in Note S1.
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Figure S7 XRD comparison for (a) sepiolite, SP-0.3-4, (b) H3PO4-0.3. (c) Fourier-transform infrared
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top view of the HTBA cathode, (c) cross-section and (d) top view of the MoO3 anode, respectively. (e) Cross-
section showing the thickness of solid electrolyte in the assembled battery.
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Figure S10 (a) EIS analysis and (b) CV curve at 0.2 mV s !, (c) Rate capacities and (d) Coulombic efficiencies
at 50, 500, 1000, 2000, 4000, 8000, 10000 and 16000 mA g, respectively, for SPB under room temperature.
Three repeated cells were measured with the median number analysis in (c) and (d).
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Figure S11 Galvanostatic discharge/charge profiles for (a) H-TBA cathode and (b) MoO3 anode at 1000 mA
g ! in Swagelok® three-electrode cells using H3PO4-0.3 as the electrolyte.
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Figure S12 (a) Galvanostatic discharge/charge profiles of SPB at 50 mA g~! under 24 °C, —20 °C, —35 °C,
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(b)

Figure S13 Photos for SPB pouch cell (a) before and (b) after 1000 cycles in Figure 3b.
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Figure S14 LPB in Swagelok® three-electrodes configuration cycled at 1000 mA g~!, which is further used
for mechanism study.
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Figure S15 XPS analysis for the pristine, before and after cycling of (a) HTBA cathode and (b) MoO3 anode.
(c) XPS analysis for cycled SP-0.3-4 compared with pristine SP-0.3-4 and sepiolite. More analysis is shown
in Note S3.
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Figure S17 XRD patterns for (a) bentonite and BP-0.2-1, and (b) halloysite and HP-0.3-2. Comparison of

proton conductivity for (c) bentonite-based AiCEs and (d) halloysite-based AiCEs.
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Figure S18 XRD patterns of (a) sepiolite and SS-0.1-4, (b) bentonite and BS-0.1-1, and (c) halloysite and HS-

0.1-1. Comparison of proton conductivity for (d) sepiolite-based AiCEs, (e) bentonite-based AiCEs, and (f)
halloysite-based AiCEs. Further analysis is provided in Note S4.
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Figure S19 Comparison of (a) linear scanning voltammetry at 0.1 mV s ! and (b) Tafel curves of the corrosion
on metallic titanium foil of SS-0.1-4 and H2SO4-0.1. More analysis is given in Note S5.



Supplementary Tables

Table S1 Comparison of proton conductivities for room-temperature and low-temperature proton conductors.

Proton conductivity Proton conductivity

Types Materials at room temperature at low temperature References
(mS cm™) (mS cm™)
SP-0.3-4 15 0.023 (—82 °C)
AiCE HP-0.3-2 15 0.013 (—82 °C) This work
BP-0.2-1 14 0.001 (—82 °C)
H3P04-0.3 (62 wt% H3PO4) 46 0.07 (=82 °C)
H3PO4-1.0 (85 wt% H3POa) 48 0.019 (-82 °C)
This work
H3PO4 (100 wt% H3PO4) 22 2.1 x107* (=82 °C)
H5P04-0 (H20) 0.52 0.005 (—42 °C)

Liquid 2M H2SO4+2M MnSO4 hybrid electrolyte 531 2.66 (=70 °C) [2]
2M HBF++2M Mn(BF4)2 hybrid electrolyte 10 0.21 (=70 °C) [3]
H3PO4/MeCN 0.5 N/A [4]
[dema][TfO] 10 N/A [5]
EMImsHFd, 3F 10 N/A [6]
Nafion™ 112 fully soaked in water 10 N/A [7]
Nafion™ 112 fully soaked in water 9 N/A [8]
Nafion™ 112 fully soaked in water 70 N/A [9]
Nafion™ 117 at 100% RH 31 N/A [10]

Nafion Nafion™ 117 at 100% RH 22 N/A [11]
Nafion™ 117 fully soaked in water 105 N/A [12]
Nafion™ 212 at 80% RH 38 N/A [13]
Nafion™ 212 at 95% RH 42 N/A [14]
Nafion™ 212 fully soaked in water 90 N/A [15]
H4[In(H20)PWoM02039]- 11H20 at 80% RH 0.23 N/A [16]

Heteropoly acid ~ HsSiMo1:VOa0-8H20 at 70% RH 5.7 N/A [17]
HeP2Wi16M02040 - 29H20 at 80% RH 2.3 N/A [18]

HUO2PO4-4H:0 in acid solution 5 N/A [19]
a-Zr(HPO4)2-nH20 at 90% RH 0.001~0.01 N/A [20]

Layered hydrate y-Zr(PO4)(H3PO4)-2H20 at 90% RH 0.02 N/A [21]
y-Zr sulfo phosophonates at 90% RH 10 N/A [22]

phosphateat SO RIL 02 NiA 23]
[Zn3(H2PO4)6(H20)3](1,2,3-benzotriazole) 3.3x10™ N/A [24]

FeC204-2H20 at 98% RH 1.3 N/A [25]
(NHa4)4[MnCr2(0x)6]3-4H20 at 96% RH 1.1 N/A [26]
Cucurbit[6]uril(CB[6]) at 98% RH 1.1 N/A [27]

In-IA-2D-1 at 98% RH 3.4 N/A [28]

MOF/COF Ca-BTC-H20 at 98% RH 0.12 N/A [29]
Ui0-66 at 97% RH 7.5%1073 N/A [30]

MFM-510 at 99% RH 2.1 x1072 N/A [31]
[Cralna(Himdc)12]-H20 at 98% RH 58 N/A [32]

Li-HPAA at 98% RH 0.11 N/A [33]
NH(prol);[MCr(ox)3] at 75% RH 0.1 N/A [34]
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Modified PBI

Modified
polymer

Modified HPA

Ca-PiPhtA-I at 98% RH
MFM-500(Ni) at 98% RH
MFM-500(Co) at 98% RH
MIL-100-Cr-Cl at 99.9% RH
MIL-100-Fe-Cl at 99.9% RH
MOF-801 at 98% RH
(H2C2)2(dtoa)Cu at 100% RH
[Zn(1-Lc)(C1)](H20)2 at 98% RH
PCMOF-3 at 98% RH
[MIL-52(Fe)-(COOH):] at 95% RH
Polybenzimidazole (PBI) at 100% RH
Sulfonated-PBI at 100% RH
PBI/HCI (11.8 M)

PBI/HCIO4 (11.6 M)

PBI/HNO:s (15.8 M)

PBI/H3PO4 (14.4 M)

PBI/H2SO04 (16 M)

Paam-2.4H3PO4

PVA-H;PO4

PEO-0.42H3PO4

PVA-0.26H3PO4

PVP-2H3PO4

P2VP-2H3PO4

Nylon 6-10-2H3PO4

GA crosslinked PVA/ 4 M H2SO4
GA crosslinked PVA/ 2 M HC1O4
GA crosslinked PVA/ 1.5 M HC1O4
Cellulose/chitin blend/ 4 M H2SO4
PPA blend PAAM/ 3.7 M H2SO4
PAAK/ 1 M H2SOq4
H4SiW12040-PVA

HaSiW 12040 nH20-PWA-PVA
H4SiW12040-H3PO4-PVA
HaSiW12040-H3PO4-PVA
Cross-linked H4SiW12040-H3PO4-PVA
H3PW12040-C2H703NS/SBA-15

1.3
0.45
4.4 %1072
1.6 x 102
6.0 x 1072
1.9
0.1
0.044
0.035
0.002
0.8
10
1.4
1.6
1.8
1.9
60

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

0.07 (-40 °C)

[45]

[46]
[47]

[48]
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Table S2 Synthesis parameters of AiCEs with the composition of XY-R-N, in which X (=S, H or B) refers to
the type of clay (S for sepiolite, H for halloysite, B for bentonite); ¥ (=P or S) refers to the type of acid (P for

phosphoric acid, S for sulfuric acid); R is the molar ratio of acid molecules to water®; N is the weight ratio of

the liquid (the acid solution) to solid (clay powder).

Materials Phyllosilicate Acid type Ph}:llosilicate Acid amount H>0 amount R. N
type weight (mg) (mg) (mg) ratio ratio

SP-0-3 Sepiolite Phosphoric acid 1000 0 2758 0 3
SP-0.1-4 Sepiolite Phosphoric acid 1000 1344 3073 0.1 4
SP-0.2-4 Sepiolite Phosphoric acid 1000 2691 1656 0.2 4
SP-0.3-3 Sepiolite Phosphoric acid 1000 2431 902 0.3 3
SP-0.3-4 Sepiolite Phosphoric acid 1000 3311 1182 0.3 4
SP-0.3-5 Sepiolite Phosphoric acid 1000 3756 1182 0.3 5
SP-0.6-4 Sepiolite Phosphoric acid 1000 3931 551 0.5 4
SP-1.0-5 Sepiolite Phosphoric acid 1000 4656 0 1.0 5
BP-0-1 Bentonite Phosphoric acid 1000 0 1182 0 1
BP-0.2-1 Bentonite Phosphoric acid 1000 744 267 0.3 1
HP-0-1 Halloysite Phosphoric acid 1000 0 502 0 1
HP-0.3-2 Halloysite Phosphoric acid 1000 1240 444 0.3 2
SS-0-3 Sepiolite Sulfuric acid 1000 0 2758 0 3
SS-0.1-4 Sepiolite Sulfuric acid 1000 984 2660 0.1 4
BS-0-1 Bentonite Sulfuric acid 1000 0 1182 0 1
BS-0.1-1 Bentonite Sulfuric acid 1000 311 840 0.1 1
HS-0-1 Halloysite Sulfuric acid 1000 0 502 0 1
HS-0.1-1 Halloysite Sulfuric acid 1000 167 449 0.1 1

*The amount of the phosphoric acid is calculated to 100% H3PO4 compound, which is derived from 85 wt% concentrated

H3POj4 solution; meanwhile, the amount of H>O is composed of two parts: the H,O in 85 wt% concentrated H3POy4 solution,

external added H>O. The amount of the sulfuric acid is calculated to 100% H2SO4 compound, which is derived from 95 wt%

concentrated H>SO4 solution; the amount of H>O is composed of two parts: the H,O in 95 wt% concentrated H.SO4 solution,
external added H,O.
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Table S3 Composition of H3PO4 and H2SO4 with different concentrations.

Acid amount

Materials Acid type (mg) H>0 amount (mg) R ratio
H3PO4-0 Phosphoric acid 0 1000 0
H3P04-0.01 Phosphoric acid 69 931 0.01
H3P04-0.1 Phosphoric acid 319 681 0.1
H3P04-0.2 Phosphoric acid 619 381 0.2
H3P04-0.3 Phosphoric acid 737 263 0.3
H3P04-0.5 Phosphoric acid 882 118 0.5
H3PO4-1.0 Phosphoric acid 1000 0 1.0
H3PO4 Phosphoric acid 1000* 0 Max
H>S04-0.1 Sulfuric acid 271 729 0.1

* Orthophosphoric acid crystalline was used instead of 85 wt% H3POj4 solution and the sample was prepared in the glovebox

to avoid reaction with moisture.
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Table S4 Comparison of activation energies among AiCEs, liquid proton electrolyte, other common proton
electrolytes, as well as common Li-ion solid electrolytes.

Application Materials Temperature (°C) Activation energy (eV) with R? References
25to—16 0.12 (R*=0.986)
=36 to =55 0.35 (R*=0.997)
SP-0.3-4 —58 to =72 0.46 (R*=0.998)
=72 to —87 0.65 (R*=0.999)
—97 to —108 0.91 (R*=0.999)
25to—16 0.15 (R*=0.986)
—29 to —49 0.31 (R*=0.998)
HP-0.3-2 —60 to —78 0.54 (R*=0.999) This work
—82 to —92 0.71 (R*=0.999)
=92 to —103 0.84 (R*=0.999)
25to—16 0.22 (R*=0.987)
—26 to —43 0.38 (R?=0.998)
BP-0.2-1 =57 to =77 0.65 (R*=0.999)
—77 to —88 0.77 (R*=0.999)
—88 to —99 1.00 (R?=0.999)
25 to —35 0.46 (R?>=0.999)
H3PO4 (100 wt% H3PO4) —42 to —62 0.54 (R*=0.997)
—70 to —85 0.88 (R?=0.999)
f(fl‘:g:l‘l ors 25 t0 33 0.28 (R>=0.989)
—37 to —64 0.40 (R?>=0.973)
H3POs-1.0 (85 wt% H3PO4)
—64 to —80 0.68 (R*=0.999)
—80 to —92 0.85 (R?>=0.999)
25to—16 0.19 (R*=0.960)
—22 to =51 0.27 (R*=0.990)
H3P04-0.3 (62 wt% H3PO4) =51 to =71 0.43 (R*=0.997) This work
=71 to =92 0.59 (R*=0.999)
=92 to —104 0.82 (R*=0.997)
25to—17 0.13 (R*=0.973)
—17 to =30 0.90 (R*=0.924)
6 wt% H3PO4 (H3POs-0.01)
—36 to =76 0.49 (R*=0.996)
—82 to —100 0.89 (R*=0.998)
25to—11 0.14 (R*=0.990)
H3PO4-0 (H20) —11to—17 0.73 (R*=0.999)
—17 to —42 0.28 (R*=0.993)
Nafion 25 0.2 [62]
Perovskite-type 300 0.4~0.9 [63]
Perovskite-type 400 to 700 0.3~0.5 [64]
Sulfide-type 0.3~0.5
Garnet-type 0.4~0.6
Anti-perovskite-type 25 0.2 [65]
cL(:nl;Ec tors  NASICON type 0.3~0.5
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LISICON type 0.4~0.6

Thio-LISICON 0.5~0.6
Sulfide glass 0.4~0.5
LiPON 0.45~0.55

Table S5 Rate performances and calculated energy densities for SPB.

Current density Specific capacity = Gravimetric energy density Gravimetric power density

(mA g™ (mAh g™) (Wh kg™) (W kg™
100 32.6 21.3 30.6
500 30.2 20.3 157.5
1000 27.5 19.1 325.9
2000 23.6 17.2 688.0
4000 19.2 14.5 1450.0
8000 15.5 10.4 2496.0

10000 14.0 8.6 2893.5
16000 10.7 5.0 3600.0
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Table S6 Electrochemical comparison table considering cathode, anode, separator/thickness, voltage window,

current rate range/capacity retention, lowest working temperature, and cycling capacity retention between AiCE

and representative proton batteries.

Low-T

Separator/ Voltage Current rate range Lowest capacit Cycling capacity
Electrolyte Cathode Anode thli)ckness window (A g7/ capacity T (°C) re tI; n tiO)Ifl retention after Refs
(%) retention (%) (RT) (%) cycles (RT)
(1]
SP-0.3-4/ 0.05~2 1% 74%, 20000 This
-0.3- g 1.5 - ° ’
SP-0.3-4 HTBA  MoOs g0 00od6  330% 60 9% s (1A g work
Polyethersul
2 wte 83%, 1000 cycl
62 wt% H-TBA  MoOs fone/ 1.6 1~100 65% -78 55% o T YEE 66
H3PO4 Q2AghH
100 pm
Whatman®
NiFe- . 73%, 1000 cycles
I MH A Fil 12 9752 0 -4 0 67
2504 TBA C ilter paper/ 0.975~260 60% 0 89% (0.65 A g) [67]
180 pm
Whatman®
EP(QH2) pEP 85%, 500 cycl
05MHs0, PERQH) PEPNQ o fibers 0.8 0.6~5.5 44% 24 84% % 27 SYEIES [68]
E )E 023 A g™
200 pm
70%, 500 cycl
4 M HS04 PNAQ  PNAQ N/A 1.1 1~20 90%  -70 % o g,l)cyc ° [69]
Whatman®
74%, 1000 cycl
2 M H:S04 H-TBA  WOs  Filterpaper/ 1.5  0.0975-380  50% 25 NA 6°’A o YEES 701
180 um Pa8
Whatman®
1M . 93%, 80 cycles
H-TBA M Fil 1. 065~0. 0 7 N/A 4
HsPO4/MeCN 003 ilter paper/ 3 0.065~0.65 70% 5 / 0.1 Ag) [4]
180 pm
73%, 1000 cyel
05MH80:  TCHQ  DCAQ N/A 1.0 0.11~5.6  58% 25 N/A o TR YES
(028 A g
%, 3000 cycl
0.05MH2S0s  DPPZ  InHCF N/A 13 1~10 75% 25 N/A (766 2”;?;) YIS 721
0-1M ly(NQ ly(Qz 80%, 500 cycles
MeTriHTESI/ pOE};E) 11310 EPE) N/A 0.4 N/A N/A 25 NAL 3°’A o 4 (73]
MeCN/H:0 ’ ~ag
Celgard®
40%, 100 cycl
1 M H2SO4 PCET PCET 3401/ 1.0 233233 70% 25 NA 2"3’ A gj)yc e [74]
20 um ’
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Table S7 Comparison of technical parameters of commercial Ni-Cd batteries, Ni-MH batteries, Pb-acid batteries,
supercapacitors (electric double-layer capacitors), and Li-ion batteries!”!.

Technical parameters Proton Ni-Cd Ni-MH Pb-acid Supercapacitors Li-ion
p batteries batteries batteries batteries p P batteries
Gravimetric energy
density (Wh ke 1) 10~20 10~80 30~120 10~50 1~15 30~300
Volumetric energy
density (Wh L 1) 20~40 15~150 40~300 25~90 1~30 200~700
Gravimetric power 100~10,000  150~300 700~756 75~300 1,000~60,000 230~500

density (W kg™)
Volumetric power density )4 909 40~700 500~3,000 10~700 4,000~120,000 100~10,000

(WL
Fast-charging time 5~60 sec 1~2 hrs 2~4 hrs 8~16 hrs 1~10 sec 0.5~4 hrs
Lifetime (cycles) >20,000 0.3~3,000 0.3~1200 0.1~2,000 10~100,000 0.5~3,000
Cost Low Average Average Low Low High
Opera“n%otg)npemmre —~60~60 —40~60 ~30~60 ~20~60 —40~70 ~20~55
Self'dls"lzf;‘/?‘)ge per day 5~10 0.2~0.6 0.4~1.2 0.1~0.3 240 0.1~3
Overcharge High Moderate Low High High Very low
tolerance/safety
Environmental issues Low High Low High Moderate Low
Commercialization since N/A 1950 1990 1970 1975 1991

Table S8 ICP-MS analysis for the cycled liquid electrolyte in LPB.

Elements Concentration Dissolved materials Percentage of the dissolved
(mmol L) (mg) materials (%)
Mo 6.1£0.4 0.87 (MoO3) 43.5%
Cu 2.7+0.1 0.71 (H-TBA) 17.8%
Fe 5.540.1 1.42 (H-TBA) 35.5%
Ti 70.5£2.6 3.37 (Ti) 46.8%
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Supplementary Notes
Note S1 Illustration about NMR measurements and analysis

Initial experiments were conducted at room temperature to determine whether pulsed-field gradient
diffusion experiments would be possible. 1D experiments revealed a single broad peak with a linewidth
of 1.3 kHz. Estimates of 71 and 7> from saturation and linewidth measurements suggested 71 (spin-
lattice relaxation time) < 10 ms and 72 (spin-spin relaxation time) <1 ms, making pulsed field gradient
(PFG) diffusion coefficient measurements impossible. Thus variable temperature (from —40 °C to
80 °C in ten-degree increments, with an additional measurement taken at 25 °C) 71 measurements,
using an inversion recovery pulse sequence, were performed to access the self-diffusion coefficients
indirectly.

Figure S5a illustrates a typical magnetization recovery profile, indicating single-exponential recovery.
Th was uniformly less than 10 ms, and decreased as the temperature was increased, reaching a
minimum of around 35 °C, before beginning to increase again, as displayed in Figure SSb, which plots
the relaxation rate, R = 1/71. Based on the phenomenological model of Bloembergen, Pound, and
Purcell (BPP Model)!7®!, the relaxation rate R = 1/T1 is proportional to the spectral density function of
the molecular motion J(w), which is the fourier transform of the autocorrelation function of relative
position between dipoles K(t) . The BPP model assumes a simple exponentially decaying

. . . L _t .
autocorrelation function with the characteristic time 7., K(t) < e /tc. In this case, R takes the form

T, 2T, )

R a( T
1 1+ w?t.2 1+ 4w?t.?

where w is the Larmor frequency of the nucleus under observation and A is a temperature and
frequency independent parameter depending only on the interaction strength between dipoles, with
dimensions of s. One of the benefits of the BPP model is it predicts the existence of R; maximum
(T, minimum) at wt, = Lz’ where Rypmax = ZZ—;A. Using a simple quadratic fit to estimate the position
and value of R; maximum, we found the maximum occurs at Tmax=34.8 °C at R1=486 Hz. Using our
known proton frequency of 301.40 MHz, we calculated a correlation time of 7, = 3.73 X 10710 s and
A =9.76 x 1011 Hz2. Using this fit parameter A, we calculated correlation times from each measured
R;. Correlation times showed characteristic Arrhenius behavior, as shown in Figure S5¢. A deviation
in the slope of the Arrhenius plot can be observed around T=0 °C, indicating larger activation energy
below this value. The activation apparent activation energies for correlation times measured above and
below 0 °C were 0.149 eV and 0.201 eV, respectively. While there is no sudden change in dynamics
that would be expected from a liquid to solid phase transition, there does appear to be a change in the
nature of the dynamic process below the freezing point of water, as shown by the change in activation

energy.

The monoexponential character and rapid relaxation rate suggest that proton relaxation is strongly
affected by confinement in the AiCEs. We assume a predominantly diffusion mediated relaxation, with
nuclear dipolar coupling influenced by molecular rotation making an insignificant contribution.
Therefore, we may identify the correlation time with the mean free time in a diffusion process.
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Diffusion coefficients can then be calculated from our measured correlation times using an assumed

mean free path, which for a liquid we assume to be A = 2 A, roughly the radius of a spherical cell

. : : . 22
containing a single water molecule in the liquid state. We can then calculate D = p—

, where n is the
dimension of the diffusion. Our calculated diffusion coefficients range from around 2.14x107 2 m? s~
at—40 °C, 1.44x10" "' m? s 7' at 25 °C, and 3.66x10" ! m? s 7! at 80 °C (Figure S5d). While our estimate

of A = 2 A is reasonable for small molecules and certainly the correct order of magnitude, A could

1

conceivably be shorter or longer than a molecular radius, and a better estimate is necessary to constrain
estimates of D which varies with A2, We suggest that these are reasonable upper and lower bounds for
the diffusion coefficient, but a better estimate of A is required to constrain D further. Nonetheless,
regardless of the model details and precise value of 4, the temperature dependence reflects an activation
process that is consistent with the conductivity measurements.

Note S2 Analysis of the structural diffusion mechanism vs packed-acid mechanism

Proton transport can be remarkably fast (10°~10* mS cm™") due to the unique Grotthuss mechanism!””!,
In the Grotthuss mechanism, protons move along a hydrogen bond (H—bond) network via two steps:
I) hopping, in which a proton hops from a proton donor to a proton acceptor along an H-bond (—OH--
O— — —0+~HO-), and II) reorientation, in which an H—bond in —O--HO- is cleaved, the —OH reorients

to the O in another nearby proton acceptor and forms a new H—bond.

In acid solutions, protons exist as hydronium ions (H3O"). Among the two steps in the Grotthuss
mechanism, reorientation of —OH is the rate-limiting step due to the difficulty in cleaving H—bonds,
especially the H-bonds between H2O and H3O" 78], H30" is surrounded by two hydration shells: the
primary hydration shell and the secondary hydration shelll””*3%!, Depending on the concentration of
H30", the water of a hydration shell of an H3O" ion can be solely owned by that H3O" ion or shared
with another neighboring H3O". The former typically occurs in dilute acid, in which H3O" ions exist
at further distances from one another, thereby rendering their interactions negligible. In contrast, the
latter happens in concentrated acid, in which H3O" ions exist in relatively close proximity with each

other and therefore there is a strong interaction between them (called acid-acid interaction).

In dilute acid, due to the strong H-bond between the central H3O" ion and its primary hydration shell
water, reorientation of “OH in the water of its primary hydration shell is difficult. Therefore, Grotthuss
proton transport mainly occurs via the reorientation of —OH in its secondary hydration shell water.
This Grotthuss mechanism is called the structural diffusion mechanism and it relies on the thermal
fluctuation of water molecules in the secondary hydration shell of H3O™. In concentrated acid, however,
the H-bonds between the central H30" and its primary hydration shell water are weakened by a nearby
H30". As such, the reorientation of —OH in the water of its primary hydration shell is much easier.
This allows the Grotthuss mechanism to occur via the reorientation of —OH in both the primary and
secondary hydration shell waters. At a very high H3O" concentration, there could be another H3O" ion

resent in the primary solvation shell of an H3O" ion. In this case, proton transport can occur via the
p p ry p p
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reorientation of the —OH of the H3O". Because of the close proximity of the H3O" ions in concentrated

acid solutions, this mechanism is referred to as the packed-acid mechanism!'®".

Based on the discussions above, if a sharp drop in conductivity is observed when the temperature drops
below the freezing temperature, the proton conduction is primarily relying on the structural diffusion
mechanism. If there is no sharp drop in conductivity, the proton conduction is mainly due to the
packed-acid mechanism. To obtain a clearer understanding of the differences between electrolytes that
conduct via the structural diffusion mechanism vs those that conduct via the packed-acid mechanism,
we prepared a dilute H3POs acid solution with R=0.01 (H3PO4-0.01) to compare with the concentrated
acid solution with R>0.1 (e.g., H3PO4-0.3, Figure S3b). For H3PO4-0.3, the proton conductivity is 46
mS cm ! at 25 °C, and decreases gradually from 15 mS cm™" at —20 °C to 10 mS cm ™! at =30 °C (with
a corresponding increase in the activation energy from 0.19 eV to 0.27 eV). In contrast, for H3PO4-
0.01, the proton conductivity shows 12 mS cm™! at 25 °C, but it drops rapidly from 7 mS cm™' at
—20 °C to 0.2 mS cm™! at =30 °C (with the corresponding activation energy increasing from 0.13 eV
t0 0.90 eV). This sharp drop could be due to the freezing of water in the structural diffusion mechanism.
Therefore, compared with the ~350-fold sharp drop from —20 °C to —30 °C for the electrolytes with
the structural diffusion mechanism of conduction, the ~650-fold gradual drop from 25 °C to —82 °C
for the electrolytes with the packed-acid mechanism is excellent in terms of proton transport kinetics.
In other words, compared with dilute acid solutions and most of the proton solid electrolytes that rely
on the thermal fluctuation of water (Figure 2a), the proton transport kinetics for concentrated acid
solutions and AiCEs is far superior, especially for environmental conditions with less humidity or low
temperature. These excellent proton transport kinetics can support the operation of the proton batteries

at low temperatures and is a significant advantage of the packed-acid mechanism.

Note S3 Ex situ X-ray photoelectron spectroscopy (XPS) analysis of the electrodes in LPB
Compared with the pristine H-TBA at the cathode (Figure S15a), the Cu and Fe signals of the cathodes

before and after cycling were not distinct, implying a passivation layer was formed on the surface of

the cathode (consistent with the relatively mild gassing phenomenon of LPB in Figure 5a and Video
S1).

Note S4 Structural and conductivity analyses of HSO4-based AiCEs

Like H3POs-based AiCEs, when H2SO4 molecules are absorbed into the structure, a similar gel-like
phase with low crystallinity can be obtained (Figures S18a~c). The proton conductivity is also
enhanced up to 20 mS cm™! under room temperature with the optimized composition of R=0.1, N=4
for sepiolite (SS-0.1-4), R=0.1, N=1 for bentonite (BS-0.1-1), and R=0.1, N=1 for halloysite (HS-0.1-
1). The proton conductivity gradually decreases with decreasing temperatures, and 0.09 mS cm™! (SS-
0.1-4), 0.04 mS cm ™! (BS-0.1-1), and 0.03 mS cm™' (HS-0.1-1) can be realized at —82 °C (Figures
S18d~f).
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Note S5 Chemical and electrochemical stability analyses of H2SO4-based AiCEs

The electrochemical and chemical stability window of SS-0.1-4 was investigated by linear scanning
voltammetry and corrosivity measurements. As shown in Figure S19a, the electrochemical stability
window is expanded from 1.7 V for H2S04-0.1 to 2.2 V for SS-0.1-4 at the scan rate of 0.1 mV s,
The expanded potential operation range benefits the energy density of the proton batteries, as well as
helps to suppress the gassing issue. Furthermore, the corrosion potential is suppressed from —525 mV
for H2S04-0.1 to =441 mV for SS-0.1-4 (vs Pt**/Pt) with a much lower exchange current of 0.09 pA
cm 2 (Figure S19b).
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