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Abstract

All-solid-state proton batteries are promising energy storage systems, in which the solid-
state proton electrolyte plays an important role. However, achieving fast proton conduction
over a wide temperature range is challenging. Here, we report zirconium hydrogen
phosphate (ZHP) as a solid-state proton electrolyte. It shows ultra-high proton
conductivity from -40 to 120 °C (0.15 to 66.76 mS-cm™), a wide stability window (~5.5 V),
and excellent long-term stability. Batteries using ZHP as electrolyte exhibit stable operation
over a wide temperature range (160 °C), and retain 92% capacity after 12,000 cycles at
room temperature. After 1,000 cycles, the batteries retain 100% capacity at -30 °C and
84.5% at 40 °C. This work provides new insights into the design and application of all-
solid-state proton batteries capable of operating over a wide temperature range.
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INTRODUCTION

Proton batteries are considered promising next-generation energy storage technologies. Proton carriers
possess a small ionic radius, low mass, and fast kinetics. In addition, proton-based systems benefit from
abundant resources and environmental friendliness" . At present, aqueous electrolytes are widely used in
proton batteries owing to their ultra-high proton conductivity, which enables fast proton transport and
favorable electrochemical kinetics*"**.. However, acid aqueous electrolytes can corrode current collector and
dissolve electrode materials, leading to active material loss and capacity fading. Additionally, the narrow
redox window of water (1.23 V) promotes hydrogen and oxygen evolution during operation, limiting the
working voltage and causes severe gas evolution. To address these issues, researchers have proposed
“water-in-salt” and “water-in-sugar” electrolytes. Although they broaden the electrochemical stability
window, water-related side reactions remain unavoidable***. Non-aqueous electrolytes including
anhydrous phosphoric acid (H,PO, in acetonitrile, H,PO,/MeCN)"", organic gel polymers"®, protonated
organic ionic liquids, and ionic liquid organic solvent solutions, have also been explored"” ). However, the
inorganic-organic systems may suffer from phase separation. Organic polymer gels often depend on
humidity, and organic solvents can be volatile and flammable”*’. Therefore, developing electrolytes that
provide high proton conductivity, a wide electrochemical stability window, stable conductivity over a wide
temperature range and long-term durability at the same time remains a key challenge for proton batteries.

Solid-state electrolytes offer a promising route to overcoming the limitations of liquid proton electrolytes.
They can broaden the electrochemical window, increase the operating voltage, suppress gas evolution issues,
and mitigate the corrosion of electrodes and current collectors, thereby improving the long-term cycling
stability of proton batteries. Currently, several types of solid-state proton electrolytes have been developed,
including perfluorosulfonic acid polymer electrolytes, polybenzimidazole (PBI), layered hydrates, heteropoly
acids (HPAs), metal-organic frameworks (MOFs), covalent organic frameworks (COFs), and solid acids with
tetrahedral oxyanion groups (such as CsH,PO,)"”"*?l. Most organic solid-state electrolytes rely on guest
molecules or functional groups for proton conduction. As a result, their conductivity is highly sensitive to
ambient temperature and humidity during application. For example, the conductivity of perfluorosulfonic
acid polymer electrolytes drops sharply with decreasing humidity, while batteries using glassy polymer
electrolytes require around 110 °C for stable operation. Many inorganic solid-state electrolytes also suffer
from limited operating conditions. For example, CsH,PO,, achieves high conductivity only at elevated
temperature restricting its operating conditions. To overcome these limitations, several solid-state and quasi-
solid-state electrolytes have been reported, such as zirconium acid triphosphate (ZP3), MOF-based and
COF-based solid proton electrolytes, acid-in-clay electrolytes (AiCEs), and dual-acid quasi-solid-state
electrolyte (SSAE)P>~7. Although these strategies alleviate the dependence on strict humidity and
temperature control, several issues remain. ZP3 has mainly been studied for its ion conduction
characteristics, especially at high temperatures. AiCEs can only work at low and room temperatures. In
addition, MSA@ZIF-8-C-X and MeSA@PBI-COF electrolytes show limited rate performance and long-term
cycling stability, there are low temperature performance remains unclear. Overall, the electrochemical
performance of solid-state proton electrolytes over a wide temperature range has received limited attention.
Therefore, developing new anhydrous solid-state proton electrolytes with high conductivity over a wide
temperature range (high, room, and low temperatures) remains a great challenge in proton batteries.

Here, we report zirconium hydrogen phosphate (ZHP) as a wide temperature solid-state electrolyte and
fabricate an all-solid-state proton battery based on this material. ZHP helps address key challenges in proton
batteries, including gas evolution, electrolyte corrosion, and limited operation at low and high temperatures.
Compared with previously reported liquid and solid-state electrolytes, ZHP exhibits outstanding proton
conductivity over a wide temperature range from -40 to 120 °C, reaching 0.15 to 66.76 mS-cm™'. It also
delivers a wide electrochemical stability window, good thermal stability, and excellent compatibility with
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both electrodes and current collectors. To assemble the solid-state proton battery, Prussian blue analogue
(PBA)-type cathodes and MoO, anodes are widely investigated for proton batteries. PBA-type cathodes
provide open frameworks and tunable redox centers for reversible proton storage, while MoO, anodes enable

38-40

reversible proton insertion/extraction though Mo redox reactions**°!. Benefiting from the superior
properties of ZHP electrolyte, the resulting all-solid-state proton battery operates stably over a 160 °C
temperature range, from -40 to 120 °C. The batteries deliver remarkable cycling durability, with only 8%
capacity decay after 12,000 cycles at room temperature, negligible degradation after 1,000 cycles at -30 °C,

and 84.5% capacity retention after 1,000 cycles at 40 °C.

EXPERIMENTAL

Materials

Acetone (AR) was purchased from Sinopharm Chemical Reagent Co., Ltd. Phosphoric acid (H,PO,, 99%,
Crystalline), copper sulfate analytical titrant (CuSO,, 0.5 M), potassium ferricyanide [K,Fe(CN)_, 99%],
molybdenum trioxide (Mo0O,, 99.9% metals basis), hydrazine hydrate (35 wt.% in water), N-methyl-2-
pyrrolidone (NMP, 99.5%), poly(vinylidene fluoride) (PVDF) and zirconium (IV) oxychloride octahydrate
(ZrOCl,-8H,0, 99.9%) were purchased from Shanghai Macklin Biochemical Technology Co., Ltd.
Conductive carbon (Super P) was purchased from Guangdong Canrd New Energy Technology Co., Ltd. All
these chemicals were used as received without further purification.

Preparation of ZHP and H-TBA

ZHP was prepared by heating and stirring, with minor modifications based on the previous report””. Briefly,
ZrOClL,-8H,O was first dried at 250 °C. ZHP was synthesized by reacting ZrOCI, (0.785 g) with molten H PO,
(15 g) at 85 °C under stirring for 72 h. The precipitate was collected by centrifugation, washed with acetone,
and dried at 80 °C. Pre-protonated Turnbull’s blue analogue (H-TBA) was obtained via a controlled
coprecipitation process'®*!. A CuSO, solution (40 mL, 0.2 M) was added dropwise into the K,Fe(CN),_
solution (40 mL, 0.1 M) under continuous stirring. The mixture was stirred for 6 h, yielding an olive-green
precipitate. The precipitate (1 g) was redispersed in 100 mL of deionized water, followed by the addition of
hydrazine solution (50 mL, 0.05 M) and further stirring for 2 h. After the reaction, the solid was collected by
centrifugation, washed repeatedly, and dried at 40 °C for 12 h.

Preparation of electrolytes and electrodes

ZHP electrolyte pellets were obtained with ~1 mm thickness by pressing 200 mg of ZHP powder in a metal
die with a diameter of ~10 mm. The powder was pressed at ~400 MPa using an automatic powder press.
Cathode slurries were prepared by mixing the active materials, Super P and PVDF in a weight ratio of 7:2:1,
with NMP added as solvent. The mixtures were mixed mechanically until a uniform slurry was obtained.
Then the slurry was coated on commercial titanium (Ti) foils or aluminum (Al) foils and dried at 60 °C for
12 h. For the MoO, anodes, the commercial MoO, powder was used as the active material directly, and the

preparation method is the same as above.

Electrochemical characterizations

All-solid-state batteries were assembled in a glove box filled with argon gas, and their electrochemical
performance was evaluated in CR2032-type coin cells with the Neware CT-4008 system. In addition, no
liquid electrolyte or wetting liquid was added during the assembly of the all-solid-state proton battery with
ZHP. Full cells of H-TBA/ZHP/MoO, were assembled to evaluate long-term stability at various temperatures
in a variable temperature oven, and rate performance at room temperature. Galvanostatic charge/discharge
(GCD) curves at various temperatures were recorded after equilibrating the battery at each temperature for
30 min. Ti/ZHP/Pt cells, Pt as reference/counter electrodes and Ti foils as working electrodes, were utilized
to measure the linear sweep voltammetry (LSV) between -3 and 4 V (vs. Pt**/Pt) at 5 mV-s" on a CHI 760e
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Figure 1. Schematic illustration of the preparation of ZHP and its advantages as a solid-state proton electrolyte. ZHP was synthesized from
ZrOCl, and molten H;PO,, and then used as electrolyte in all-solid-state proton batteries. ZHP: Zirconium hydrogen phosphate.

electrochemical workstation. When conducting the LSV test on aqueous-based coin cells, the electrolyte was
a 1 M phosphoric acid solution, filter paper was used as the separator, and electrodes were the same as those
used in the solid-state coin cells test. Electrochemical impedance spectroscopy (EIS) was measured using
stainless steel symmetric cells with ZHP on Solartron 1260A frequency response analyzer.

Material characterization

The crystal structure was analyzed by powder X-ray diffraction (XRD, Rigaku SmartLab, Cu Ka1), and the
obtained data were refined by the Rietveld method using the GSAS II software package!*”. Morphology and
particle size were characterised by transmission electron microscopy (TEM, Talos F200S, 200 kV) and
scanning electron microscopy (SEM, Zeiss Sigma). Elemental distribution was analyzed by energy-dispersive
X-ray spectroscopy (EDS). In situ optical observations were conducted using an optical microscope
(Olympus SZX16) equipped with a custom in situ setup. The 'H solid-state nuclear magnetic resonance
(SSNMR) spectra were recorded on a Bruker AVANCE NEO 400WB spectrometer. Structural features were
further obtained from Fourier transform infrared spectroscopy (FTIR, SHIMADZU IRSpirit-TX). Thermal
stability was evaluated by thermogravimetric analysis (TGA, SDT Q600 V20.9 Build 20) at a heating rate of
5°C-min™ in a N, atmosphere. The elemental composition was measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES, Agilent 720ES).

Computational simulation analysis

43-45

Bond-valence site energy (BVSE) calculation was used in the softBV program!****! using the Rietveld-refined
structural model as input. The proton (H") energy landscape was constructed on a grid with a resolution of
0.05 A. The diffusion paths were identified by visualizing the isosurfaces and calculating the energy region of
the low bond-valence site energy of the pathway. The migration energy barrier was estimated from the BVSE

energy profile along the diffusion pathway.

RESULTS AND DISCUSSION

Zirconium hydrogen phosphates represent a group of inorganic solid-state acids that can form different
crystal structures depending on the P/Zr molar ratio and synthesis conditions”>*!. ZHP was synthesized
from ZrOCl, and H,PO, via precipitation [Figure 1 and Supplementary Figure 1]. To determine the chemical
formula of the obtained ZHP, ICP-OES, TGA, and XRD were used. ICP-OES results [Supplementary Table
1] revealed a Zr:P molar ratio of 1:3.2. The TGA curve [Figure 2A] shows two distinct mass loss stages. The
first stage, occurring from 160 to 450 °C, corresponds to the removal of water molecules associated with the
condensation of P-OH groups in ZHP. The second stage, from 450 to 1,200 °C, is attributed to the
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Figure 2. Physical characterization of ZHP. (A) TGA curves; (B) Rietveld refinement of the XRD pattern; (C) Layered crystal structure
(ZrO,/P0O,); (D) SEM image of ZHP; (E) TEM image with O, P, and Zr elemental mappings (E1-E3). ZHP: Zirconium hydrogen phosphate;
TGA: thermogravimetric analysis; XRD: X-ray diffraction; SEM: scanning electron microscopy; TEM: transmission electron microscopy.

sublimation of P,O, and further dehydration"*”). Consistent with the XRD pattern of the final residue
[Supplementary Figure 2], the remaining solid after TGA is identified as ZrP,O,. The total mass loss across
both stages is 33.4%. Based on the above results, the chemical formula of the synthesized ZHP is determined
tobe ZrH_ P, ,0,, ..

The crystal structure of ZHP was determined by Rietveld structure refinement of the XRD data collected at
room temperature. The results are shown in Figure 2B and Supplementary Table 2, with the reliability factors
of Rp = 6.17% and Rwp = 4.37%. ZHP is a trigonal structure (space group of R-3c) with a lattice constant of a
=8.25738 A, b =8.25738 A, c = 25.6243 A, vol = 1,513.099 A’. The atomic bond lengths and angles are listed in
Supplementary Table 3. The crystal structure schematic of the ZHP unit cell is shown in Figure 2C. The
structure is layered and consists of ZrO, octahedra and PO, tetrahedra connected by corner sharing. Each Zr
atom is coordinated to six oxygen atoms (O1), each O1 shared with one phosphate unit. In addition, each P
atom is also bonded to another oxygen atom in a different chemical environment from O1. This oxygen is
denoted as O2 and plays a crucial role in the formation of the internal hydrogen bonds in ZHP.

The morphology of ZHP was observed by SEM. The SEM image shows that ZHP consists of many irregular
particles, as depicted in Figure 2D. TEM and its corresponding elemental mapping were used to further
characterise ZHP. The results show that Zr, P and O elements are uniformly distributed in ZHP particles
[Figure 2E, E1-E3].
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Figure 3. Characterization of ZHP electrolyte. (A) Nyquist plots of ZHP at various temperatures under dry conditions (RH<K1%); (B)
Temperature-dependent proton conductivity of ZHP. The inset diagram is ionic conductivity of ZHP compared with other electrolytes at
the same temperature; (C) Arrhenius fitting curves for the proton conductivity of ZHP; (D) The proton conductivity of ZHP has long-term
stability at various temperatures; (E) Flame test of ZHP. ZHP: Zirconium hydrogen phosphate; RH: relative humidity.

Alternating-current (AC) impedance analyses were conducted to evaluate the proton conductivity of the
synthesized ZHP. Dense ZHP pellets (~1 mm thick and 10 mm in diameter; Supplementary Figure 3) were
used for conductivity measurement. Each pellet was sandwiched between two stainless-steel sheets, sealed in
coin cells and tested under anhydrous conditions [Supplementary Figure 4] from -40 to 120 °C. The Nyquist
plots of ZHP at various temperatures are presented in Figure 3A. With increasing temperature, the
impedance response gradually becomes more linear. The combination of semicircular and linear regions is
observed at -40 and -30 °C, suggesting combined contributions from bulk resistance and electrode-
electrolyte interfacial effects. This behavior is commonly observed in highly conductive proton electrolytes
with high characteristic frequencies”****/. Since the impedance spectra at other temperatures mainly show
nearly linear responses, the bulk resistance was determined from the high-frequency intercept on the Z' axis
for consistent comparison over the whole temperature range. The corresponding temperature-dependent
proton conductivity is shown in Figure 3B, exhibiting a clear increase with temperature. Notably, ZHP
delivers high proton conductivity across the investigated range. ZHP shows significantly fast proton
conduction, reaching 0.15 mS-cm™ at -40 °C, 7.04 mS-cm™ at 20 °C and 66.76 mS-cm™ at 120 °C. As shown in
Supplementary Figure 5, no obvious linear relationship is observed between the thickness of the ZHP
electrolyte and its ionic conductivity. This indicates that the measured conductivity reflects the intrinsic
proton-transport properties of the material. Interestingly, as shown in the inset of Figure 3B and
Supplementary Table 4, the conductivity of ZHP from -40 °C to room temperature is comparable to that of
some solid-state proton electrolytes measured under high humidity conditions, such as
H.SiMo, VO, -8H,0™. From room temperature to 120 °C, the proton conductivity of ZHP is higher than
that of solid-state proton electrolytes capable of operating at high temperatures, such as crystalline metal-
organic framework!", ionic plastic crystal”®!, proton-conductive coordination polymer glass
{[Zn,(H,PO,).(H,0),](BTA)}*I, (CsH,PO,), ,.(H,PO,), .."", and ZP3P?\. In addition, in situ variable

temperature XRD confirms the remarkable thermal stability of ZHP, with no obvious phase transitions or

0.85 0.15
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structural degradation from -40 to 120 °C [Supplementary Figure 6]. This result suggests that the proton-
transport framework in ZHP maintains its stability over a wide temperature range, and that the structure
does not undergo a temperature-induced phase transition. This behavior differs from that of some solid-state
proton electrolytes such as {[Zn,(H,PO,).(H,0),](BTA)}"“*, which experiences a significant decrease in
proton conductivity at room temperature. Moreover, ZHP offers distinct advantages compared to the
previously reported solid-state proton conductors that operate only from low to room temperatures or from
room temperature to high temperatures. Consequently, these results indicate that ZHP is a promising solid-
state proton electrolyte for extensive application in electrochemical devices.

The activation energy (E,) for proton transfer was obtained from Arrhenius fitting of the conductivity data.
As shown in Figure 3C, ZHP exhibits a small E, value of 0.29 eV (< 0.4 eV), suggesting that proton migration
is primarily dominated by the Grotthuss mechanism!*?. Moreover, the E_ value is close to the activation
energy (0.278 eV) obtained through simulation calculation, as shown in Supplementary Figure 7. In addition,
abundant P-OH groups in ZHP form the O---OH networks [Supplementary Figures 8 and 9]. A one-
dimensional conduction pathway also exists within the hydrogen-bond networks of ZHP, which is beneficial
for enhancing the ability of rapid proton transfer [Supplementary Figure 10]. These hydrogen-bond
networks are similar to those formed by H,PO, and are frustrated due to the imbalance in the number of
proton acceptors and donors. Such a frustrated hydrogen-bond network can facilitate rapid proton
movement related to long distances””>*>**). Therefore, these results indicate that the superior proton
conductivity of ZHP is mainly attributed to its intrinsic and stable P-OH-based hydrogen-bond network
within the robust Zr-O-P framework. The stable inorganic framework helps preserve the proton-conduction
pathways over a wide temperature range, while the abundant P-OH groups and frustrated hydrogen-bond
network enable continuous proton transfer. Many phosphate-based solid-state proton electrolytes, such as
hydrated zirconium phosphates and alkali-metal dihydrogen phosphates, show proton transport affected by
hydration state, dehydration, or phase transitions®*".. In contrast, ZHP maintains more stable proton
conduction under anhydrous and wide-temperature conditions. Furthermore, the long-term stability of
proton conduction was studied by monitoring time-dependent proton conductivity at -30, 20 and 120 °C, as
shown in Figure 3D. The results demonstrate proton conduction of ZHP without significant reduction at
these temperatures after 24 h of operation. LSV measurements [Supplementary Figure 11] were conducted to
evaluate the electrochemical stability window of ZHP. ZHP shows a wider electrochemical stability window
of ~5.5V (-2.5 to 3 V vs. Pt*"/Pt), compared with ~2.2 V (-1.4 to 0.8 V vs. Pt*'/Pt) for the 1 M H,PO, aqueous
solution. This can be ascribed to the absence of free water molecules in ZHP compared with the H,PO,
aqueous solution. This enhanced stability contributes to long-term cycling performance and relaxes the
requirements for electrode materials. In addition, the nonflammability and high safety of the ZHP were
verified by flame test, as shown in Figure 3E. ZHP demonstrated almost no flammability while being kept in
direct contact with the flame for 1 min.

Given its remarkable proton conductivity, ZHP shows strong promise as a solid-state proton electrolyte for
proton batteries. However, solid-state proton batteries remain relatively underdeveloped because of the lack
of solid-state electrolytes capable of delivering sufficient proton conduction under anhydrous conditions. To
date, several examples of solid-state proton electrolytes used in proton batteries have been reported,
including the AiCEs", [Zn,(H,PO,).(H,0),](BTA)"*, MSA@ZIF-8-C-X"", and MeSA@PBI-COF"*. To
demonstrate the feasibility of ZHP as a solid-state electrolyte for proton batteries, a cathode (H-TBA),
commercial MoO, anodes, and Ti foil current collectors were used to assemble all-solid-state proton
batteries. The cell schematic is shown in Figure 4A, and the physical characterization of the cathode and
anode is shown in Supplementary Figures 12-14. Figure 4B and C show the rate performance and the
corresponding GCD profiles of the H-TBA/ZHP/MoO, cell. At room temperature, the cell delivers specific
capacities of 44 mAh-g" at 10 mA-g" and maintains 8 mAh-g" even at a high current density of 3,000 mA-g".
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Figure 4. Electrochemical performance of H-TBA/ZHP/MoO; all-solid-state proton battery. (A) Device schematic; (B) GCD curves at
different current densities; (C) Rate performance; (D and E) GCD profiles for full battery at various temperatures; (F) Comparison with
reported systems; (G) Cycling GCD profiles at 1,000 mA-g”; (H-J) Cyclability and coulombic efficiency of the battery at 1,000 mA-g” at
room temperature (H), at 1,000 mA-g" at 40 °C (1), and at 100 mA-g" at -30 °C (J). H-TBA: Pre-protonated Turnbull's blue analogue; ZHP:
zirconium hydrogen phosphate; GCD: galvanostatic charge/discharge; PBA: Prussian blue analogue; MSA: methanesulfonic acid; ZIF:
zeolitic imidazolate framework; MeSA: methylsulfonic acid; PBI: polybenzimidazole; COF: covalent organic framework.

Notably, upon returning to 10 mA-g™, the capacity is fully restored, indicating highly reversible
electrochemical behavior and efficient proton transport within the ZHP electrolyte. In addition, the stable
GCD profiles at different current densities further indicate rapid proton transfer within ZHP and no
noticeable side reactions during cycling.

To validate the feasibility of ZHP in challenging conditions, the GCD test of the all-solid-state battery was
carried out over 160 °C temperature range, as shown in Figure 4D and E and Supplementary Figure 15. At
120 °C and 1,000 mA-g", the battery delivered a capacity of 116 mAh-g", comparable to some aqueous
batteries. Remarkably, even at -40 °C, the cell maintained a reversible capacity of 10 mAh-g* at 100 mA-g™,
demonstrating exceptional wide temperature operability. Significantly, as shown in Figure 4F, the operating
temperature range of this proton battery surpasses that of solid-state proton batteries utilizing AiCEs"*,
[Zn,(H,PO,).(H,0),](BTA)"), MSA@ZIF-8-C-X", and MeSA@PBI-COF"". Therefore, this proton battery
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exhibits wider operating temperature range among reported all-solid-state proton batteries. As shown in
Figure 4G, the GCD profiles at different cycles at room temperature nearly overlap, indicating that the
proton intercalation and deintercalation reactions are highly reversible. The distinct anodic peak at 0.44 V
and cathodic peak at 0.58 and 0.45 V in the cyclic voltammetry (CV) curves [Supplementary Figure 16]
correspond to H" extraction and insertion, respectively, which is consistent with the GCD curve results. As
shown in Figure 4H, the H-TBA/ZHP/MoO, cell delivers outstanding cycling durability at 1,000 mA-g™ after
activation at 10 mA-g’', retaining 92% capacity with a coulombic efficiency of 99.56% over 12,000 cycles. This
cyclic performance is significantly superior to that of some reported all-solid-state proton batteries
[Supplementary Figure 17, Supplementary Tables 5 and 6]. The H* transport kinetics before and after cycling
were further evaluated. After cycling at 1,000 mA-g*, the full cell showed almost no obvious increase in
interfacial resistance [Supplementary Figures 18-20], indicating the electrode and electrolyte interface was
very stable. Moreover, the crystal structure and chemical bonds of ZHP before and after cycling were
analysed by XRD and FTIR, respectively, as shown in Supplementary Figure 21. The XRD patterns showed
almost no change before and after cycling, indicating that the rapid transport of H* did not cause structural
damage to ZHP and further verifying the high compatibility between ZHP and electrodes. In addition, long-
term cycling tests of the full battery were conducted at 40, -20, and -30 °C, as shown in Figure 4I and J, and
Supplementary Figure 22. After 1,000 cycles at -20 and -30 °C, the capacity retention was almost 100%. At 40
°C, the cell retained 84.5% of its capacity. Such high electrochemical performance is encouraging, especially
given that this is our initial trial conducted without the optimization of electrodes. The good long-term
cycling performance over a wide temperature range and rapid H* transport are attributed to the ZHP’s high
structural stability and abundance of hydrogen bond networks.

In situ optical microscopy was used to assess the corrosiveness of ZHP toward electrodes and current
collectors. As shown in Figure 5A and B, and Supplementary Video 1, vigorous bubble formation was
observed at the electrolyte/current collector interface in the aqueous proton electrolyte (1 M H,PO,).
Particularly, a severe gas evolution occurred on the Al foil current collector side, indicating that the aqueous
proton electrolyte has a serious corrosiveness problem to current collectors. In contrast, when ZHP was used
as the electrolyte, no gas bubbles were visually observed on the Al foil, cathode, and anode surfaces even after
12 h of contact, shown in Figure 5C-F, and Supplementary Videos 2 and 3. Moreover, the SEM and its
corresponding elemental mapping were used to further characterize corrosiveness of the ZHP, as shown in
Supplementary Figure 23. Almost no Al, Ti, Cu, Mo and Fe signals were detected in the ZHP electrolyte,
indicating negligible corrosiveness toward the collectors (Al foil and Ti foil) and electrodes. ICP-OES
analysis was conducted to assess corrosion-induced dissolution of current collectors and electrodes by
detecting Al, Ti, Cu, Mo, and Fe in the electrolytes. For this analysis, the current collectors and electrodes
were assembled into coin cell H-TBA/1 M H,PO,/MoO,, Al/ZHP/Al and H-TBA/ZHP/MoO,, respectively.
The H-TBA/1 M H,PO,/MoO, battery, assembled with 1 M H,PO, as the electrolyte, was analysed by ICP-
OES after 1,000 GCD cycles. The result showed that Cu, Mo and Fe elements were detected in the liquid
electrolyte [Supplementary Table 7], corresponding to dissolution ratios of 5.7% for Cu, 33.01% for Mo and
0.57% for Fe. In addition, the coin cell Al/ZHP/Al was kept for ten days, and the H-TBA/ZHP/MoO, cell was
cycled for 12,000 GCD cycles before ICP-OES analysis. The results are consistent with EDS elemental
mapping results, showing that the contents of Al, Ti, Cu, Mo and Fe in ZHP are almost negligible.
Meanwhile, as shown in Supplementary Figures 24 and 25, SEM and its corresponding elemental mapping
were performed on the positive and negative electrode materials after long-term cycling. The results show no
element crossover problem between the electrode materials when ZHP was used as the electrolyte. According
to these outcomes, ZHP can suppress gas evolution and corrosion, thereby improving the cycling stability of
proton batteries. As shown in Supplementary Figure 26, since ZHP exhibits nearly no corrosive effect on Al
foils, it is feasible to replace the Ti current collectors with more affordable Al current collectors, thus
effectively reducing the production cost of proton batteries.
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Figure 5. Corrosion behavior of ZHP electrolyte. (A, C and E) In situ optical images of 1 M H,PO, and ZHP; (B, D and F) Schematic
comparison between liquid H;PO, and ZHP. ZHP: Zirconium hydrogen phosphate.

CONCLUSIONS

In summary, we have demonstrated that all-solid-state proton batteries can operate over a wide temperature
range. The ZHP shows ultrafast proton transport from -40 to 120 °C (0.15-66.76 mS-cm™'), a wide
electrochemical stability window (~5.5 V), excellent stability, low corrosiveness toward current collectors and
electrodes, and nonflammability. Those properties effectively address three major challenges in proton
batteries including gas evolution, poor cycling stability, and limited operation under extreme temperatures.
As a result, the all-solid-state proton battery exhibited stable cycling stability, retaining 92% of its initial
capacity after 12,000 cycles at a current density of 1,000 mA-g" at room temperature. Additionally, it
demonstrated stable cycling for 1,000 cycles, with capacity retention of 100% at -30 °C and 84.5% at 40 °C.
Moreover, low corrosiveness of ZHP helps address the corrosion of electrode materials and current
collectors caused by aqueous proton electrolyte, suggesting the possibility of using low-cost Al foils as
current collectors. Although future improvements in cell capacity and further verification of proton
transport behavior through appropriate collaborations are still needed, the present work opens a new avenue
for the development of safe, durable, and wide-temperature proton batteries for practical energy-storage

applications.
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