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SUMMARY

Proton conduction underlies many important electrochemical technologies. We
report a series of new proton electrolytes: acid-in-clay electrolyte termed AICE,
prepared by integrating fast proton carriers in a natural phyllosilicate clay network,
that can be made into thin-film (tens of microns) fluid-impervious membranes. The
chosen example systems (sepiolite-phosphoric acid) rank top among the solid
proton conductors in consideration of proton conductivities (15 mS cm™ at 25 °C,
0.023 mS cm™ at -82 °C), the stability window (3.35 V), and reduced chemical
activity. A solid-state proton battery was assembled using AiCE as the electrolyte to
demonstrate the performance of these electrolytes. Benefitting from the wider
electrochemical stability window, reduced corrosivity, and excellent ionic selectivity
of AICE, the two main problems (gasification and cyclability) of proton batteries have
been successfully solved. This work also draws the attention of elemental cross-over
in proton batteries and illustrates a simple “acid-in-clay” approach to synthesize a
series of solid proton electrolytes with a superfast proton permeability, outstanding
selectivity, and improved stability for many potential applications associated with
protons.

Context & Scale

Proton conductive solid
electrolyte is a membrane that
allows protons to transfer while
blocking other ions and
molecules. It is widely used in
many essential chemical
technologies and processes, like
energy storage, energy
conversion, electro-synthesis,
carbon cycling, and biological
applications. However, the
existing electrolytes can barely
provide high proton conductivity
at room and refrigeration
temperatures while having
expansive electrochemical
stability windows and being non-
corrosive, low-cost,
nonflammable, and nontoxic.
Herein, we conceive a new “acid-
in-clay electrolyte” (AiCE)
approach to prepare a series of
novel proton electrolytes. Owing
to the advantages of superfast
proton permeability, excellent
selectivity, and enhanced
stability, we demonstrate the
superiority of the proton
electrolytes in solving two main
challenges in proton batteries:
gassing and poor cycling
performance. More broadly, the
AiCE approach opens a new
avenue for designing and tailoring
electrolyte properties for various
electrochemical technologies
based on proton conduction.



INTRODUCTION

An electrolyte conducts specific ions between two electrodes in electrochemical devices
while forbidding electrons and unintended ions to cross. The electrolyte/separator
combination should also have sufficient mechanical hardness to prevent two electrodes
from mechanical penetration. Its properties set the boundaries for the performance of
electrochemical cells, such as power, energy, and durability’. Among various solid
electrolytes, the ones that conduct alkali metal ions (especially for Li*) are extensively
developed for rechargeable batteries?3. The developments of lead-acid batteries and
hydrogen fuel cells over the past century have witnessed the success of protons in energy
storage and conversion*5. Recently, there has been a renewed interest in proton
batteries®®, however, the development of high-performance proton batteries is hindered
by the gassing problem and the poor cycle life’. 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
restricts the voltage of proton batteries and leads to severe gassing problems™. The
gassing issues will degrade the volumetric energy density at the battery pack level and
cause safety problems. In addition, the acidic electrolytes cause the dissolution of the
current collectors or electrode materials®, resulting in fast capacity degradation. 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''2. Such design
separates the acidic electrolyte from the alkaline electrolyte by multiple cell compartments,
adding extra weight and volume to the cell. Alternatively, new proton electrolytes are
being investigated. Non-aqueous electrolytes based on aprotic solvents are attractive due
to their non-corrosive nature and wide electrochemical stability windows'®'4, but they are
limited by the flammability and high cost. Another notable example of the new electrolyte
is the water-in-salt electrolytes (WIiSE), 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 has fully addressed the challenges of
proton batteries, and few studies examine the elemental cross-over problem, a crucial

contributor to capacity fading.

A solid electrolyte is an efficient solution to 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 (0.1~100 mS cm™) can only be maintained at a
fully hydrated state (Table S1). Polybenzimidazole (PBI), heteropoly acids (HPA), layered
hydrates, metal—-organic frameworks (MOF), and covalent organic frameworks (COF) are
also well developed for solid proton conductors (Table S1). However, their proton
conductivity is not satisfactory at/below room temperature (104~10 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 environments for fuel cells
(Table S1). Additionally, the narrow electrochemical stability window of water vapor and

solution would limit the working voltage of these proton devices.

Natural clays contain abundant hydrophilic groups on the internal surface, which can
adsorb proton donors, such as H;0O, 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'-"°. However, few composites
have been regarded as solid electrolytes for proton batteries. In this work, we introduce a
series of inorganic solid proton electrolytes, denoted as acid-in-clay electrolytes (AiCEs),
that will address the gassing, corrosion, and elemental cross-over problems of proton
batteries. AiCEs are synthesized by absorbing H3PO, into phyllosilicate clays to form gel-
like all-inorganic materials (Figure 1). Compared with liquid H3PO4 electrolytes, these
AiCEs demonstrate superfast proton conductivities (similar as aqueous electrolytes but
extended to liquid-nitrogen temperature without phase transition), wider electrochemical
stability window (suppressing gassing), enhanced chemical stability (inhibiting corrosion of
electrodes/current collectors), and excellent ionic selectivity (restricting unwanted
elemental 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 (20,000 stable
cycles at 50 C under room temperature and 3000 stable cycles at 3 C under —20 °C). The
AiICE approach not only solves the problems of proton batteries, but also opens a new
avenue to design novel proton electrolytes with tunable ionic selectivity, permeability, and

stability for other electrochemical applications based on proton conduction.
Wide-temperature-range and long-cycle proton batteries
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Figure 1. Schematic diagram of acid-in-clay electrolytes and their advantages for wide-temperature-range and
long-cycle proton batteries.

RESULTS

AiCE with their kinetics and thermodynamics 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., kaolinite, halloysite), 2:1 type (i.e.,
montmorillonite, bentonite), and other 2:1 types with rich water channels (i.e., palygorskite,
sepiolite)?. In this paper, sepiolite is chosen as the first example system for fabricating the
AICE and proton batteries due to its large surface area?'. After that, the AiCE approach
was further demonstrated with another two representative clays, bentonite and halloysite.
Thermogravimetric analysis (TGA, Figure S1) shows that sepiolite contains 8.7 wt% of
adsorbed water and 7.5 wt% of structural water, based on which its chemical formula can
be written as Mg,H,(SiO3)3-3H.0. The dry clay powder is barely malleable 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 =1.2:1) is absorbed (Table S2) and shows a proton
conductivity of o = 0.096 mS cm™" at 25 °C. Despite the low conductivity, this finding
confirms that the absorbed proton donor can enable the clay proton-conductive. 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 phosphoric acid is integrated.

To answer the question, a series of samples were made by mixing phosphoric acid with
sepiolite clay powders, in which the proton concentration is tuned by adjusting the molar
ratio (R) of H3PO4/H,0O ranging from 0 to 0.9 (from pure H;O to 85 wt% H3PO,) (Table S2).
The ionic conductivity of these samples was measured (Figure S2A, Table 1 and Table
S1), and the maximum values of 15 mS cm™ at 25 °C and 0.023 mS cm™ at -82 °C are
obtained when R=0.3 (hereinafter denoted as AICE-S0.3). The activation energy is
calculated by fitting the results with the Arrhenius equation. Surprisingly, in the range of
25 °C to -20 °C, it is lower than most of the best proton electrolytes, including fully
hydrated Nafion™ (PFSA NR-211) and liquid H;PO,, as well as the most conductive solid
Li-ion electrolyte (Table 1 and Table S4). In comparison, H3sPO, solutions show a
maximum conductivity at R=0.3 (63 wt% of H;PO, denoted as H;P0,4-0.3) (Table S3,
Figure S2B). The activation energy of AiCE-S0.3 is slightly lower than that of H;P0,-0.3
(Table 1 and Table S1), suggesting the reduced energy barrier for proton conduction in
the AICE. "H solid-state nuclear magnetic resonance (NMR) spectroscopy further confirms
the fast proton transport in AiCE with an apparent activation energy of 0.15 eV above 0 °C
(Figure S3A-B). The calculated diffusion coefficients from NMR are 1.4 x 107" m? s at
25°Cand 2.1 x 1072 m? s™' at -40 °C, respectively (Figure S3C-D), comparable to those
of liquid HsPO,%*. The excellent proton transport properties could be attributed to the
Grotthuss mechanism of the absorbed acid®?2%, Compared with the recently reported
solid proton electrolytes®® and liquid proton electrolytes, AiCE’s proton conductivity is

among the best (Figure 2A, Figure S4).
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Figure 2. Kinetics and thermodynamics properties of AiCEs

(A) The conductivity comparison of AiCEs (AiCE-S0.3, AiCE-H0.3, and AiCE-B0.2) with liquid electrolytes (H3sPO., H3PO4-0.3,
HsPO,4-1.0, H20), and other solid proton electrolytes (inset). PBI is short for polybenzimidazole; HPA is short for heteropoly acid;
MOF is short for the metal-organic framework; COF is short for the covalent organic framework. The references are listed in
Table S1.

(B and C) Comparison of (B) linear scanning voltammetry at 0.1 mV s™" and (C) Tafel curves about the corrosion on metallic
titanium foil of AiICE-S0.3 and HzPO,-0.3.



To examine the electrochemical and chemical stability window of the electrolyte, linear
scanning voltammetry is first performed (Figure 2B). For AiCE-S0.3, HER starts at —1.25
V and OER starts at ~2.1 V (vs Pt?*/Pt), corresponding to an electrochemical stability
window of 3.35 V, which is much wider than ~1.6 V of H;P0,4-0.3. The expanded stability
window is beneficial for addressing the gassing problem when high-voltage cathodes and
low-voltage anodes are used, which promises enhanced energy density as well as cycling
stability. The Tafel plot of Ti electrode is then measured to assess the corrosiveness of
the AICE (Figure 2C). The corrosion potential is suppressed from -462 mV for H;P0,4-0.3
to —454 mV for AiICE-S0.3 (vs Pt?*/Pt). Meanwhile, the corrosion exchange current density
is reduced by more than one order of magnitude, from i;=10.2 uA cm™ to /y=0.50 pA cm™
for AICE-S0.3. These results demonstrate the reduced corrosiveness of AiCE-S0.3 toward

the Ti current collector.

Table 1. Comparison about proton transport properties of the proton electrolytes in this work

Activation energy  Proton conductivity  Activation energy  Proton conductivity

Materials at 25 °C (eV) at 25 °C (mS cm™) at -82 °C (eV) at =82 °C (mS cm™)
AICE (sepiolite) (AICE-S0.3) 0.10 15 0.64 0.023
AICE (halloysite) (AICE-H0.3) 0.12 15 0.70 0.013
AICE (bentonite) (AICE-B0.2) 0.19 14 0.76 0.001
62 wt% H3POs (H3PO4-0.3) 0.12 46 0.59 0.070
85 wt% HaPOs (H3POas-1.0) 0.25 48 0.74 0.019
100 wt% HsPO4 (HsPO4) 0.45 22 0.80 21 %10
H20 0.12 0.52 0.26 (-42 °C) 0.005 (-42 °C)
Nafion™-211 (fully hydrated) 0.2% 0.3 N/A N/A

Structural study of AiCE

Structural analyses were conducted to study the interactions between the acid and clay.
Scanning electron microscope (SEM) images show that the pristine sepiolite comprises
fibers of ~100 nm in diameter and several microns in length (Figure 3A). The X-ray
diffraction pattern shows broad peaks at 10°~30°, suggesting that the sepiolite loses its
crystallinity after being mixed with the acid solution (Figure S5A-B). The newly formed
Si-O-P bonds in Fourier-transform infrared spectroscopy (FTIR) confirm a chemical
reaction between acid and clay (Figure S5C). The formed gel-like material exhibits
Young’s modulus of 56 MPa and a hardness of 2.4 MPa, similar to hard rubber, indicating
AICE is a soft solid material (Figure 3B). In situ cryogenic X-ray diffraction (XRD) results
show that 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 drastic phase
change, like that of water (water <> ice) associated reduction of proton conductivity. The
pair distribution function technique is then conducted to investigate the bonding length of
local structures (Figure 3D). After integrating acid in the clay, the bonding length of the
O-H bond in AiCE-S0.3 is obviously shorter compared to that of H;P0,-0.3%", which can

explain the enhanced electrochemical/chemical stabilities of AiCE-S0.3.
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Figure 3. Structural study of AiCE

(A) SEM image of the sepiolite. Inset: image by a camera.

(B) SEM image for AiCE-S0.3. Inset: image by a camera.

(C) In situ cryogenic XRD patterns for AiCE-S0.3.

(D) Pair distribution function analysis for H;PO,-0.3, sepiolite, and AiCE-S0.3.

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 electrodes. Replacing the
liquid electrolyte with a non-corrosive and stable solid electrolyte can, in theory, address
these problems. However, many all-solid-state batteries suffer poor interfacial contact,
poor ionic conductive network in the electrodes, and difficulty in manufacturing due to
issues like brittleness and sensitivity to moisture. Here, all-solid proton batteries with AiCE
as the solid electrolyte (denoted as SPB) are fabricated in air, using Ti foil, pre-protonated
Cu[Fe(CN)slo.3T0.373.4H,O (H-TBA) and MoO; as the current collector, cathode, and
anode, respectively 58. A proton battery with H;PO,-0.3 as the liquid electrolyte was made
to be the control (denoted as LPB). Compared with the good fluidity of liquid acid, the
solid AICE-S0.3 is difficult to be infiltrated into electrode pores to construct a fast proton
conductive network. Therefore, a new recipe of AiICE was developed to enhance its
fluidity by increasing the liquid amount by 10% during electrolyte synthesis (Table S2),
leading to an increased R ratio from 0.28 (AiCE-S0.3) to 0.31. For this reason, the new
solid electrolyte can be termed AICE-S0.3'. AiCE-S0.3’' shows a similar amorphous
structure (Figure S6A) as AICE-S0.3. The Young's modulus (3.6 MPa) and hardness
(0.34 MPa) have been successfully decreased by one order of magnitude compared with
AICE-S0.3. As a result, the non-Newtonian fluid property of AICE-S0.3’ (inset in Figure
S6A) can facilitate its infiltration into the pores of cathode and anode (Figure S7).
Consequently, the charge transfer resistance of SPB (4.5 Q) is comparable to that of LPB
(5 Q) 8 (Figure S8A). It should be noted that the proton conductivity, electrochemical
stability window as well as chemical reactivity of AICE-S0.3’ are quite similar to those of
AICE-S0.3 (Figure S6B-D). Although it is crucial for this “non-Newtonian fluid wetting



agent” to improve contact without sacrificing electrochemical/chemical stabilities and
proton conductivity, it is hard to use AICE-S0.3’ as the main solid electrolyte owing to its
poor film-forming property (tend to cause a short circuit when applying pressure during
battery assembling). Therefore, AICE-S0.3’ was used as a “wetting agent” and AiCE-S0.3
was used as a “membrane” in the following SPBs. The thickness of the AICE-S0.3

membrane is 80 um and can be made thinner with an optimized synthesis route.
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Figure 4. Electrochemical study for proton batteries with AiCE

(A) Galvanostatic charge/discharge potential profiles for SPB at different current rates.

(B) Cycling performance of SPB at 200 mA g™". Insets are the digital images of pouch cells: LPB after resting for 30 days under
25 °C, and SPB after 1000 cycles under 25 °C.

(C and D) Cyclability and Coulombic efficiency of (C) SPB at 1000 mA g™' under 25 °C, and (D) SPB at 100 mA g™' under —20 °C.
(E) Ragone plot for the proton battery, Li-ion battery, Ni-Cd/Ni-MH battery, Pb-acid battery, and supercapacitor®? (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, conductive carbon and binder).



SPB shows two voltage plateaus at 1.2 and 0.7 V (Figure 4A and Figure S8B),
corresponding to the two redox peaks of MoO; (Figure S9). It provides a specific capacity
of 32 mAh g™' at 50 mA g™' (1.5 C), comparable to lead-acid batteries?®?°, and maintains
33% capacity even at an extremely high current density of 16,000 mA g™ (720 C, Figure
S8C-D). Such excellent rate performance is comparable to supercapacitors®? (Figure
4E and Table S5). Low-temperature tests at =60 °C show SPB can keep 42% of the room
temperature capacity (Figure S10A) and 77% capacity at 500 mA g™' compared to 50 mA
g™" at -35 °C (Figure $10B). Furthermore, pouch cells of LPB and 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). Current collectors
were almost dissolved and purplish liquid leakage was found outside of 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 S11). It retains 74% of capacity at the 20,000" cycles when cycled
at 1000 mA g~' under room temperature (Figure 4C), 100% of capacity at the 3000'" cycle
when cycled at 100 mA g™' under —20 °C (Figure 4D), and 93% of capacity at the 500"
cycle when cycled at 50 mA g~' under -35 °C (Figure S10D). These results demonstrate
that replacing the liquid electrolyte with an AiCE can significantly boost the cycle life of the
reported proton batteries (Table S6). The energy and power densities of SPB and other
energy storage technologies are plotted in Figure 4E, where SPB shows better power
performance than the lead-acid battery and higher energy density than supercapacitors.
To reveal the mechanism behind the improved cycling performance, fundamental studies

will be performed and discussed in the next section.

In situ optical microscopy of the batteries shows gas bubbles at both electrode|electrolyte
interfaces and current collector|electrolyte interfaces in LPB (Figure 5A-B, Figure S12,
Video S1~S2). Particularly, a severe gassing problem happened at the anode side,
resulting in the separation of electrode material and current collector. In contrast, no
gassing can be seen for SPB even after 480 mins (Figure 5C, Video S3). The corrosion
and dissolution of current collectors and electrodes are quantified by inductively 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 S7), and their
amounts correspond to 43.5% dissolution of MoO3, 35.5% dissolution of H-TBA, and 46.8%
dissolution of Ti current collectors (Figure 5D). It should be mentioned that the calculated
Cu element in the liquid electrolyte is 17.8%, which is 17.7% less than the dissolved
amount (molar ratio of Cu: Fe is 1:1 in HTBA). This 17.7% of Cu appears on the anode
side due to its cross-over, which is evidenced by the X-ray photoelectron spectroscopy
(XPS). Cu signals appear on the MoO; in LPB after cycling, demonstrating that the Cu
elements at the cathode side can pass through the passivation layer, dissolve into the
liquid electrolyte, and cross to the anode side (Figure S13B). Besides, Ti signals appear
on both cathode and anode of the cycled LPB (Figure S13A-B), implying corrosion and
dissolution of current collectors by the liquid acid electrolyte. In contrast, no elements from
the cathode can be observed on the cycled MoO; in SPB, and the absence of Mo, Cu, Fe,
and Ti elements in the cycled AICE-S0.3 further confirms the prevention of cross-over
(Figure S13C). Based on these results, AiCE is able to prevent gassing, corrosion, and

elemental cross-over, therefore enhancing the cyclability of the proton battery.
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Figure 5. Mechanism study for proton batteries with AiCE

(A-C) In situ optical microscopic observation of (A and B) LPB and (C) SPB charged and discharged at 4 C.
(D and E) Schematic diagram of the advantages of (E) SPB compared with (D) LPB.

Universality of AiCE approach

Hydrophilic bentonite and halloysite were further investigated to test the AiCE approach.
Their formulas are calculated to be HyALOgSi-1.19H,O (bentonite) and
H4Al,O06Si,-0.32H,0 (halloysite) based on TGA analysis (Figure S1). Similar to sepiolite,
dry bentonite and halloysite are barely malleable to make solid electrolytes. After
absorbing water, both clays demonstrate proton conductivities (Figure S14A-B, more
details about the composition ratios are shown in Table $2). When H;PO, molecules are
absorbed into the structure, a similar gel-like phase with low crystallinity can be obtained
(Figure S14C-D), which shows enhanced proton conductivity: up to 15 mS cm™ under
room temperature, with the optimized composition of R=0.3 for halloysite (AiCE-H0.3),
and R=0.2 for bentonite (AICE-B0.2). The cryogenic proton conductivity and the activation
energies of both electrolytes are close to that of AiCE-H0.3 (Figure 2A and Table S4).
The proton conductivity gradually decreases with decreasing temperatures, and 0.013 mS
cm™ (AICE-H0.3) and 0.001 mS cm™' (AiCE-B0.2) can be realized at —82 °C, respectively
(Table 1 and Table S1). The outstanding cryogenic proton conductivity of AICE-HO0.3 is
consistent with that of AICE-S0.3, demonstrating the universality of AiCE approach.

DISCUSSION

Based on the discovery and protocol in this work (Figure 1), we can see that 1) since
there are many more types of natural materials with abundant internal surfaces (like clays,
woods®?3") 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 carriers (water and acids) into the hydrophilic networks.
Engineering the chemical properties 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) Fading mechanism by elemental
dissolution and cross-over is a long-term issue in redox flow batteries®> and Li-S
batteries®. It is also attracting more and more attention in Lithium-ion batteries with
manganese spinel** and nickel-rich layered cathodes®. Here, we demonstrate that
elemental cross-over could also be an overlooked but important factor for the capacity
fading in proton batteries. A solid electrolyte could be an excellent ionic selective
membrane to stop elemental dissolution and cross-over for unwanted cations. 4) AiCE is
malleable and can be easily made into a fluid-impervious thin membrane, which has the
right mechanical properties 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 battery to be assembled under
ambient conditions. 5) The AiCE approach could also be used in many other applications
like electrosynthesis®, redox flow batteries®?, CO, reduction®, and NHs production®®, with
the advantages of fast proton conductivity, improved electrochemical window, free-of-

crossover and reduced corrosiveness.

EXPERIMENTAL PROCEDURES
Materials synthesis

All the phyllosilicate clays, including sepiolite, hydrophilic bentonite, and halloysite, and
phosphoric acid were purchased from Sigma-Aldrich. Nafion™ PFSA NR-211 electrolyte
was purchased from FuelCellStore. For a typical synthesis of integrated acid/H;O in clays,
H3sPO4 acid and H,O were first mixed to form a uniform solution. Then the above 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 Table S$2-S3. Pre-protonated TBA (H-
TBA) was synthesized by chemical reduction of Cu[Fe(CN)eloss'0037°3.4H20 by NaH4
under Ar protection. MoO; was prepared by a hydrothermal reaction between
(NH4)sM07024-4H,0 and HNOj3 solution (more details are shown in our previous work)®.
We further defined the molar ratio (R) of acid/H,O. The amount of the acid is calculated to
100% Hs;PO, compound, which is derived from 85 wt% concentrated HzPO, solution;
meanwhile, the amount of H,O is composed of three parts: the HO in 85 wt%
concentrated H;PO, solution, external added H,O and H,O in the phyllosilicate clays

(based on the TGA measurement).
Material characterizations

In situ X-ray diffraction (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 firstly conducted at 300 K, and then the temperature was

set from 300 K to 190 K with a 10 K temperature interval, a ramping rate of 2 K min™', and



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.
Thermogravimetric analysis (TGA) was carried out using TA Instruments, Discovery with a
heating rate of 2 °C min™" in air. The scanning electron microscope (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 Elmer 2100 DV) was applied to analyze the
electrolyte compositions. X-ray photoelectron spectroscopy (XPS) was conducted using
PHI Versaprobe Il system. Fourier-transform infrared spectroscopy (FTIR) was analyzed
on Thermo Scientific™ portable FTIR analyzers. For the 'H solid-state nuclear magnetic
resonance spectroscopy (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 300MHz ('H

frequency) Varian Direct Drive spectrometer and a Doty broadband Z-spec gradient probe.
Electrochemical measurements

To prepare electrodes, active mass, conductive carbon, and binder were mixed with a
specific weight ratio of 80:10:10 to form a homogeneous slurry, which was spread on
commercial Ti foils (10 pm) and dried at 60 °C in a vacuum for 12 h. The active mass
loadings for the MoO3 anode and H-TBA cathode are around 2.0 mg cm™ (~40 um) and
4.0 mg cm™2 (~15 um), respectively. The negative: positive capacity ratio was controlled to
be ca. 1:1. For the cells with solid electrolytes, a small amount of AiCE-S0.3’ was used to
wet the electrodes (8 mg cm™). Then AICE-S0.3 (~150 um) was coated uniformly on the
surface of the wetted cathode, and the anode 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 of AiCE-S0.3 was
squeezed out of the electrodes by the pressure during cell assembling, resulting in a
thickness decrease to ~80 uym. The weight ratio of solid electrolyte: electrodes is 8.1:1.
The cells with liquid electrolytes were measured in Swagelok® cells composed of three
electrodes and a pouch cell configuration (polyether-sulfone membrane with 100 ym was
used as the membrane, the weight ratio of liquid electrolyte: electrodes is 8.0:1), where
the detailed procedures were shown in our previous work®. All the C-rates in this work are
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
(CV) 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 is 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 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 microscopic 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 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 0~1.5 V at different temperatures. For the capacity
measurement, ~3 cells were assembled and compared, in which the average one was

chosen to demonstrate.
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