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Highly conductive LiH,PO,4-based solid electrolyte
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Establishing expandable solid electrolytes with high ionic conductivity at approximately 200 °C remains
a significant challenge for various electrocatalytic applications. In this study, we developed a self-
standing electrolyte membrane composed of HzPO,4-containing LiH,PO4 and a quartz fiber (QF) matrix
using a unique polymerization-hydrolysis (PH) synthesis method. We used a simple mixture of LiH,PO,4
and HzPO, as the precursor, and heating-induced phosphate polymerization resulted in a unique glassy
sol formation that could be reshaped easily. Upon hydrolysis pretreatment with polyphosphate, LiH,PO4
was formed, and the electrolyte membrane exhibited high ionic conductivity. We optimized the
infiltrating amount of HzPO,4 to vary the maximum conductivity of the electrolyte. We conducted
conductivity measurements under diverse temperatures and water humidities to determine the operating
conditions for the electrolyte membrane. The LiH,PO4-based membrane maintained high conductivity
(21-28 mS cm™) over a broad and comparatively low temperature range (100-200 °C) when supplied
with water vapor. It is hypothesized that a phase containing H,O and HsPO, is formed at the interface
between the LiH,PO, particles, which contributes to the high conductivity. The scalability of the present
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Introduction

Electrochemical devices typically consist of an anode and
a cathode separated by an electrolyte to perform reactions. The
electrolyte forms an ionic circuit between the anode and the
cathode, and its conductivity significantly impacts ohmic
voltage loss in electrochemical devices. The electrolyte's oper-
ating temperature and the resultant environment also affect
reaction kinetics and applicable materials. Solid-state proton-
conducting electrolytes operating at intermediate tempera-
tures (i.e., 100-300 °C) demonstrate numerous benefits for
applications such as fuel cells and electrolyzers."” Operating at
intermediate temperatures simplifies water and waste heat
management, improves electrode kinetics, and enables the
development of alternative electrocatalysts with enhanced
activity.® Several types of materials have been reported as
intermediate-temperature electrolytes, including superprotonic
solid acids such as CsH,PO,4,>'° inorganic acid-doped polymers
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such as phosphoric acid-polybenzimidazole (PA-PBI),'"** and
tetravalent metal pyrophosphates such as SnP,0,.>"*

Typically, many solid acids suitable for electrolyte purposes
consist of alkali metals and tetrahedral oxyanions linked
together by hydrogen bonds (M,H,(AO,),, where M = Cs, Rb, K,
Li, or NHy; A = S, Se, P, or As). These materials exhibit high
proton conductivities at elevated temperatures but become
insulating below certain temperatures.'»*> This high conduc-
tivity is often attributed to a superprotonic phase transition
(e.g., CsH,PO, transitioning from a monoclinic to a cubic phase
at 230 °C), where the rearranged lattice allows protons to hop
between oxyanions.>'*'® In contrast, some researchers have
reported conductivity enhancement due to thermal decompo-
sition. In this scenario, the water generated by the decomposi-
tion reaction dissolves a surface portion of the salt, providing
protons to be conducted through the water embedded in the
hygroscopic solid acids.?* Inorganic acid-doped polymers
(e.g., H3PO,-doped PBI) typically function below 200 °C, where
proton conduction mainly depends on the inorganic acid
molecules and their interactions with the polymer matrix.>
Inorganic oxides or phosphates (e.g., SiO,, SiP,0,, Zr(HPO,),
and Ce(HPO,),) are often added to electrolyte membranes to
provide additional proton transport pathways or to improve
water retention.>2¢ Metal pyrophosphates (MP,0,, where M =
Sn, Ti, Si, Zr, Ce) have been studied owing to their high proton

This journal is © The Royal Society of Chemistry 2025
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conductivity at intermediate temperatures and low humidity
conditions.”” A significant enhancement in proton conductivity
can be achieved through the partial substitution of tetravalent
metals with lower-valence metals (e.g., AI** and In*").3%
However, some reports associate the high conductivity of metal
pyrophosphates in the presence of a phosphoric acid-rich liquid
phase at grain boundaries between solid phosphate particles.*
In recent years, novel intermediate-temperature electrolytes
have been developed. For example, Omata et al. reported
proton-conducting phosphate glass electrolytes, such as
H;Si,Py0,9, synthesized using the alkali-proton substitution
(APS) method, which can operate at around 280 °C.***!

Despite decades of development, intermediate-temperature
electrolytes still require improvements in conductivity and
stability. Broadening the application temperature range of solid
acid electrolytes poses a significant challenge. Solid acids have
garnered considerable attention since Haile et al. successfully
applied CsHSO, and CsH,PO, solid acids to fuel cell systems at
160 °C and 250 °C, respectively, illustrating their potential for
use in intermediate-temperature electrochemical devices.">
However, as noted, solid acids lose their high conductivity
below certain temperatures, limiting their application range.
Consequently, many studies have focused on augmenting the
solid acid conductivity at lower temperatures. Commonly used
additives, such as oxides and pyrophosphates (e.g., SiO,, TiO,,
ZrO,, and SiP,0;), serve as matrix materials for solid acids and
can enhance electrolyte conductivity over a broad temperature
range by generating disordered phases between the solid acid
and the matrix.***® For instance, although CsH,PO, alone
demonstrates high conductivity only above 230 °C, CsH,PO,
mixed with a SiP,0, matrix maintains high conductivity down
to 150 °C. It has been suggested that CsHj(PO,),, which is
formed at the CsH,PO, and SiP,0O, interface under humid
conditions, has a low melting point and can function as a liquid
phase for ion conduction.*® However, the liquid phase of
CsH;5(PO,), also leads to low mechanical stability of the elec-
trolyte, as reported by Fujiwara et al.*® During the water-splitting
test using the CsH,PO,/SiP,0, electrolyte, the generated
CsH;5(PO,), migrated out of the electrolyte, resulting in elec-
trode corrosion. Wang et al. explored the phase diagram of the
(1 — x)CsH,PO,—xCsH;5(PO,),, revealing the relationship
between electrolyte composition and the application tempera-
ture range.*”

Recent studies suggest that LiH,PO, potentially serves as an
electrolyte over a broad temperature range.*® This compound
has received less attention as a proton-conductive electrolyte for
a long time compared to solid acids, such as CsH,PO, or
CsHSO,, due to controversial conductivities reported in the
past. In 2008, Lee et al. reported that LiH,PO, exhibited high
conductivity above 178 °C, around the polymerization temper-
ature of LiH,PO,.** However, these data have not been repro-
duced in other reports. In 2021, Berg et al. reported that in
a closed glass container, LiH,PO, exhibited high conductivity,
which potentially introduced a high water vapor pressure to the
electrolyte (2 bar at 200 °C).*® LiH,PO, showed high conductivity
even down to room temperature after a melting treatment
exceeding 210 °C. The authors noted that achieving high
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conductivity in LiH,PO, was not possible in an open atmo-
sphere. They concluded that the presence of a high water vapor
pressure (e.g., 2 bar at 200 °C) and the process of polymerization
after melting were potentially critical to achieving high
conductivity in LiH,PO,. This stringent preparation protocol,
which involves special experimental setups and conditions,
makes it difficult for many researchers to access.

In this study, a polymerization-hydrolysis synthesis method
was developed to create a self-standing H;PO,-LiH,PO,/quartz
fiber (QF) membrane with high ionic conductivity over a broad
temperature range (100-200 °C) under atmospheric pressure.
Several control experiments and characterizations were per-
formed to identify the core components for achieving high
conductivity. It was found that H,O vapor, additional H;PO,,
and the polymerization-hydrolysis procedure were essential for
the LiH,PO,4-based electrolyte to exhibit high conductivity. A
highly conductive phase containing H,O and H;PO, is expected
to stabilize on the surface of the LiH,PO, crystalline grains. The
presence of a glassy hydrogel intermediate during electrolyte
membrane fabrication facilitates the ease of reshaping the
process, allowing the production of large-area membranes and
highlighting the scalability of this synthetic approach.

Experimental
Materials

Lithium dihydrogen phosphate (=99%) and phosphoric acid
(=85 wt% in H,0O) were procured from Sigma-Aldrich. A Pt
mesh (© 0.08 x 50 x 50 mm, 80 mesh, 99.95%) along with a Pt
wire (¢ 0.30 mm, 99.95%) were obtained from Nilaco Corpo-
ration. QF membranes (with a thickness of 0.38 mm, 85 g cm ™2,

and @ 20 mm or 100 mm) were bought from Advantec.

Electrolyte preparation

To prepare the H;PO,-LiH,PO,/QF electrolyte, LiH,PO, (3 g) was
combined with H;PO, in varying stoichiometries (x%H;PO,-
LiH,PO,, where x% represents the molar percentage of phos-
phoric acid in all the phosphate species, with x =0, 3, 9, 15, 21).
This mixture was then heated at 250 °C for 20 min. After the
temperature was reduced, a transparent glass was formed. H,O
(1.36 g) was added to the glass. Over 1-2 days, the glass fully
dissolved in the water, forming a transparent, viscous hydrosol.
Subsequently, the QF membrane was soaked in a hydrosol at
a temperature of 60 °C. After emergence, it was removed and
then vacuum dried at 60 °C for 2 h. For the LiH,PO,/QF sample
not treated with additional H;PO,, the vacuum drying time was
4 h at 60 °C. The finished membrane, called the polyphosphate
hydrogel/QF, was placed in an electrochemical cell to test its
conductivity. This electrolyte required hydrolysis treatment at
110 °C under humid conditions for 2 h to achieve high
conductivity. The membrane, post-hydrolysis treatment, was
designated 15%H;PO,-LiH,PO,/QF.

Preparation of 15%H;PO,-LiH,PO,-wo PH/QF electrolyte:
a nearly saturated solution of H;PO, and LiH,PO, was prepared
in place of the hydrosol solution, with the following composi-
tion: LiH,POy: 3 g; H3PO, (85 wt%): 0.6 g; H,O: 2 g; molar ratio
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of H;PO, to LiH,PO, = 0.15:0.85. The QF membrane was
dipped into this solution at room temperature, removed, and
dried on a heating plate at 120 °C for 2 h. The resulting
membrane was named 15%H;PO,-LiH,PO,-wo PH/QF, where

“wo PH” denotes “without polymerization-hydrolysis
treatment.
Characterization

XRD patterns were obtained using a RINT-Ultima III (Rigaku
Corporation) and a Cu Ka X-ray radiation source (A = 0.154056
nm) at a scan rate of 10° min~'. These diffraction peaks were
collected from 10° to 40°. High-resolution field emission SEM
(FE-SEM; JEOL; JSM-IT800) with a secondary electron detector
was used to obtain the SEM images. TG-DTA8122 (Rigaku
Corporation) was used to conduct thermogravimetry and differ-
ential thermal analysis (TG-DTA). In these tests, approximately
30 mg of the sample was placed in an aluminum pan, and the
weight transition of the sample was monitored as it was heated to
300 °C at a ramping rate of 0.2 °C min~". These measurements
were performed in an air atmosphere. For TG measurement, an
Ar gas stream was directed through a room-temperature bubbler
for humidification (pH,O = 3 kPa). Characterization of the
phosphate species in the electrolyte was achieved through solid-
state *'P magic angle spinning (MAS) NMR spectroscopy. All
NMR spectra were collected using a JEOL spectrometer at a Lar-
mor frequency of 200.43 MHz with a laser MAS probe at a spin
rate of 15 kHz. Powder samples were packed into a 4-mm insert,
which was loaded into a 7-mm rotor and placed into the probe. A
single 7t/2-pulse of 3.25 ps was applied with a recycle delay of 8 s.
The *'P NMR shifts were calibrated using (NH4),HPO, with a*'P
resonance at 1.3 ppm. The concentration of phosphates in the
precursor solutions and the phosphate salt loading amounts in
the membranes were measured using Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES) (iCAP PRO XP
ICP-OES, Thermo Fisher). 100 pL of the electrolyte precursor
solution (comprising both hydrosol and aqueous solution) was
diluted 250 000 times in ultrapure water. For the electrolyte salts
in the membranes, they were dissolved in 100 mL of ultrapure
water before being diluted 500 times.

Measurement of conductivity

The resistance of the electrolyte, R, was determined using
electrochemical impedance spectroscopy with a potentiostat
system (VMP3; BioLogic Science Instruments). The applicable
frequency ranged from 0.1 Hz to 1 MHz, employing a voltage
amplitude of 30 mV. Pt meshes with an area of 0.785 cm” were
utilized as electrodes. R was derived from the high-frequency
intercept with the x-axis from the semi-circles and/or linear
spikes observed in the Nyquist plots. The conductivity, o, was
then calculated using o = (1/R) x (d/A), where d and A represent
the thickness and area of the electrode, respectively. The
thickness of the electrolyte was gauged using a vernier caliper.
Impedance spectra were gathered at temperatures ranging from
100 °C to 220 °C within a flowing Ar atmosphere (20 mL min ).
Humidification was attained by applying two methods before
insertion into the electrochemical cell (Fig. S1f). To achieve
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a water vapor pressure below 64 kPa, the Ar stream was directed
through a bubbler maintained at temperatures varying from
25 °C to 79 °C. For water vapor pressure ranging from 64 kPa to
87 kPa, the Ar stream was channeled through a vapor tank
located in an oven at 110 °C. Liquid H,O, at a pumping rate of
0.02-0.08 mL min ", was introduced into the tank, where it was
mixed with the Ar stream and water vapor. Water vapor pressure
was estimated based on the flow rates of Ar and liquid H,O,
under the presumption of adherence to the ideal gas law. The
samples were maintained under each measurement condition,
with variations in temperature or humidity, for a duration
ranging from 30 min to 24 h before impedance was recorded.

The activation energy of the electrolyte was calculated by
applying the Arrhenius law:

E,
o= aoexp( - kBT)

where ¢ is the conductivity, T is the temperature, g, is the
prefactor, E, is the activation energy, and kg is the Boltzmann
constant.

Results and discussion

Preparation of H;PO,-LiH,PO,/QF electrolyte using
polymerization-hydrolysis treatment

Fig. 1 illustrates the synthesis process of the 15%H;PO,-
LiH,PO,/QF electrolyte using a polymerization-hydrolysis (PH)
method. The transformation of phosphate salt is explained step
by step in this section. First, a mixture of LiH,PO, and H;PO, is
heated to 250 °C. Here, LiH,PO, melts and polymerization
reactions take place in the liquid phase. As shown in Fig. S2,7
the TG-DTA analysis of LiH,PO, shows weight loss starting at
around 185 °C, followed by a pronounced exothermic peak at
210 °C. Compared to the dehydration study of LiH,PO, reported
by Yari et al.,* the weight loss and the exothermic peak are
understood to result from the polymerization (decomposition)
and the melting of LiH,PO,, respectively. Polymerization is
common for all alkali metal dihydrogen phosphates (MH,PO,,
where M = Li, Na, K, Rb, Cs)** and is characterized by the
following reaction:

nMH,POy (s) = M,H>P, 03,41 (s) + (n — DH2O (g) (1)

The polymerization of H;PO, also occurs above 200 °C,
forming polyphosphoric acid (H,+xP,;03,+1)** At elevated
temperatures, H;PO, and LiH,PO, can undergo a mixed poly-
merization reaction to form a polyphosphate with the chemical
formula of Li, ,H,P,03,+1. Upon cooling the molten
compound, a transparent glass is formed. The Raman spectra of
this glass reveal the presence of monophosphate and various
lengths of polyphosphate (as shown in Fig. S3 and Table S1t). It
is inferred that the monophosphate phase originates from the
residual LiH,PO, and H3;PO,, which did not fully convert into
polyphosphate at 250 °C.

The resulting glass exhibited high hygroscopicity, absorbing
water from the air rapidly to form a viscous solution on its

This journal is © The Royal Society of Chemistry 2025
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W ‘ Drying at 120 °C
B solution 15%H3PO4-LiH;PO4-wo PH/QF
(LiH,PO,+H,0) wo-PH: without polymerization-hydrolysis

Fig.1 Fabrication processes of the 15%HzPO4-LiH,PO4/QF electrolyte and the comparison sample, 15%HzPO,4-LiH,PO4-wo PH/QF electrolyte.

surface. When a regulated quantity of water (1.36 g) was intro-
duced to the glass (3.17 g), the surface dissolved promptly. The
complete dissolution of the glass bulk took 1-2 days, which is
likely attributed to the slow diffusion rate of water molecules in
the polyphosphate. The resultant hydrosol solution is highly
viscous at room temperature, rendering the immersion of the
quartz fiber (QF) membrane difficult. To assist with the
immersion, the membrane and hydrosol were heated to 60 °C.
After immersion, the membrane was removed from the
hydrosol and vacuum dried at 60 °C for 1-2 h. This step is
crucial for decreasing water content and enhancing the
membrane's mechanical strength. The resulting membrane,
named polyphosphate hydrogel/QF, is transparent and flexible,
with a phosphate salt/H,O weight ratio of around 3.94 (as dis-
cussed in Table S27). Ex situ Raman confirmed that the poly-
phosphate phase remained unchanged during these treatments
(polyphosphate glass, polyphosphate hydrosol, and poly-
phosphate hydrogel/QF in Fig. S37).

A hydrolysis treatment at 110 °C under humid conditions
was necessary for the polyphosphate hydrogel/QF membrane to
achieve high conductivity. The membrane, with a diameter of
20 mm and a thickness of 0.6 mm, was placed in an electro-
chemical cell where the conductivity could be measured
(Fig. S17). Platinum meshes were used as the electrodes, and
good contact between the electrodes and the electrolyte was
ensured by the pressure of a spring in the cell. As shown in
Fig. 2a, the electrolyte's conductivity gradually increased and
stabilized at a high value at 110 °C and a partial pressure of
water vapor (pH,O) of 64 kPa. The X-ray diffraction (XRD)
pattern of the polyphosphate hydrogel/QF before hydrolysis
treatment showed a broad peak, indicating that the poly-
phosphate phase was amorphous (Fig. 2b). After 3.5 h of treat-
ment at 110 °C and pH,O of 64 kPa, the XRD pattern revealed
the formation of LiH,PO,, indicating a transformation of the
polyphosphate to monophosphate, as represented by the
following reaction:

This journal is © The Royal Society of Chemistry 2025

Li)1H2Pn03n+1 (S) + (l’l - I)HZO (g) - I’lLlH2P04 (S) (2)

The membrane was named 15%H;PO,-LiH,PO,/QF after the
hydrolysis test. The scanning electron microscope (SEM) image
of this membrane is shown in Fig. S4.f To investigate the
hydrolysis behavior of polyphosphate in more detail, an in situ
Raman test was performed on the polyphosphate hydrogel/QF
membrane in open air (Fig. 2¢). The test results demonstrated
that the amount of residual water in the membrane was suffi-
cient to hydrolyze a portion of the polyphosphate. At 25 °C,
before elevating the temperature, the membrane showed two
broad peaks around 720 and 1120 cm ™, which corresponded to
the polyphosphate chains of varying lengths.”” When the
temperature increased to 100 °C, the peak indicating the poly-
phosphate phase decreased, while the monophosphate peak
(around 900 cm™") increased. When the temperature reached
120 °C, the polyphosphate peaks vanished, and the mono-
phosphate peak was similar to that of commercial LiH,PO,.*®
These findings suggest that the hydrolysis of lithium poly-
phosphate to LiH,PO, began at around 100 °C and was fully
completed by 120 ©°C. The thermogravimetric analysis-
differential thermal analysis (TG-DTA) data for the poly-
phosphate hydrogel/QF membrane showed an exothermic peak
near 97 °C, which can be attributed to the onset of the hydro-
lysis reaction (Fig. 2d). The endothermic peak near 140 °C is
probably related to the dehydration of polyphosphate
compounds that did not entirely convert to monophosphate at
lower temperatures (97-140 °C) owing to a lack of water content.

To elucidate the role of polymerization, we prepared an
electrolyte named 15%H;PO,-LiH,PO,-wo PH/QF using a near-
saturated solution (containing LiH,PO, and H3;PO,) without
PH treatment (Fig. 1). Table 1 illustrates a comparison between
the P concentration in the precursor solutions, the P loading in
the membranes, and the resulting conductivities. The P
concentration in the hydrosol surpassed that in the saturated

J. Mater. Chem. A, 2025, 13, 26448-26457 | 26451
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(a) Conductivity improvement during the hydrolysis of polyphosphate hydrogel/QF at 110 °C, pH,O = 64 kPa. (b) XRD of polyphosphate

hydrogel/QF before and after the hydrolysis treatment. (c) In situ Raman of polyphosphate hydrogel/QF. The spectra were collected after
stabilizing at each temperature for 30 min. (d) TG-DTA of polyphosphate hydrogel/QF heated at 0.2 °C min~? in air.

Table1 P concentration in the precursor solutions and its loading on
the membranes estimated from ICP-OES, and the conductivity of the
membranes at 110 °C and pH,O = 64 kPa

Precursor solution Nearly saturated solution Hydrosol

P concentration/mol L™! 18 26

15%H,PO,-LiH,PO,-

Membrane wo PH/QF 15%H;PO,-LiH,PO,/QF
P loading/mg em > 13 26

Conductivity/mS em™ 5 28

(at 110 °C)

solution. Consequently, a higher phosphate loading can be
achieved in the 15%H;P0O,-LiH,PO,/QF membrane than in 15%
H;PO,4-LiH,PO,-wo PH/QF, which contributes to enhanced
conductivity.

To clarify the role of the QF membrane in the electrolyte, we
attempted to prepare a hydrogel electrolyte sample without the
QF support by directly vacuum-drying a small amount of
hydrosol. However, the resulting hydrogel sample exhibited
poor mechanical stability and was unable to withstand the
pressure applied by the current conductivity measurement
setup. During the conductivity test, the sample deformed, and
a short circuit occurred. A detailed discussion is shown in
Fig. S5.7 This highlights the critical role of the QF membrane in
providing sufficient mechanical strength for the self-supporting
electrolyte.

Attempts to synthesize similar membranes using other alkali

metal hydrogen phosphates, such as NaH,PO,, were

26452 | J Mater. Chem. A, 2025, 13, 26448-26457

unsuccessful because the hydrosol solution could not be
successfully prepared using sodium phosphate salt. After the
initial polymerization process, the sodium phosphate
compound appeared white and opaque, contrasting with the
transparent look of lithium phosphate glass (Fig. S6at). Unlike
the lithium phosphate glass compound, this sodium phosphate
compound could not be uniformly mixed with a small amount
of water (Fig. S6bt). The XRD pattern in Fig. S6¢ct demonstrated
a broad amorphous feature of the lithium phosphate glass,
whereas the sodium phosphate compound presented crystal-
line Na,H,P,0,. The presence of crystalline Na,H,P,0, may
explain the difficulty of forming a highly concentrated solution
with sodium phosphate salt owing to the low solubility of
Na,H,P,05 (13 g/100 g H,O at 20 °C).¥

Temperature and humidity dependence on phase
transformation and conductivity

The application conditions of the developed electrolyte were
clarified by conducting conductivity tests under varying
temperatures and humidities. As shown in Fig. 3a, the stability
test of the 15%H;PO,-LiH,PO,/QF electrolyte at varying
temperatures revealed that at 120 °C and 180 °C, the conduc-
tivity of the electrolyte remained stable. However, when the
temperature was increased to 200 °C and beyond, the conduc-
tivity began to decrease gradually. The XRD pattern of the
electrolyte after stability testing at 120 °C and 180 °C confirmed
the presence of the LiH,PO, phase, indicating that LiH,PO,
phase remained stable up to 180 °C (Fig. 3b). However, the XRD
pattern of the electrolyte after the test at 200 °C resembled that
of lithium pyrophosphate (Li,P,O;). Some subtle differences
compared with the peaks of the Li,P,0, reference were

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Stability tests for the 15%HzPO,4-LiH,PO4/QF electrolyte at different temperatures, pH,O = 64 kPa. All tests were performed after the

3 h of hydrolysis process on the fresh polyphosphate hydrogel/QF electrolytes at 110 °C and pH,O = 64 kPa (as shown in Fig. 2a). (b) XRD of 15%
H3sPO4-LiH,PO4/QF electrolytes after stability tests at different temperatures.

noticeable most probably because a lithium pyrophosphate
phase contained additional protons, possibly Li,H,P,0;. It is
suggested that the formation of the pyrophosphate phase could
result in reduced conductivity. Since the polymerization of
LiH,PO, occurs at around 200 °C (as indicated by the endo-
thermic peak in Fig. 2d) and accelerates at higher tempera-
tures,” the effective application temperature to maintain the
high conductivity of the 15%H;PO,-LiH,PO,/QF electrolyte is
restricted to 200 °C.

The electrolyte conductivity was measured under various
humidity levels. Fig. 4a depicts the reversibility test of conduc-
tivity at 120 °C with varying pH,0. The electrolyte demonstrated
stable performance under both 64 kPa and 3 kPa pH,O, with
higher conductivity observed at 64 kPa. However, when the
vapor pressure was adjusted to 0 kPa, the conductivity started to
diminish, thus implying that humidity is essential for main-
taining high conductivity in the electrolyte. Upon the reintro-
duction of vapor, the electrolyte’s conductivity started to
gradually revive to its original value. Furthermore, recovery was
quicker under a higher pH,O (64 kPa) as opposed to a lower
PH,0 (3 kPa). For the conductivity test under pH,O = 64 kPa,
the temperature was further increased to 180 °C to evaluate the

Close (humid):

electrolyte's stability. As shown in Fig. S7, the electrolyte
exhibited good stability.

Thermogravimetric (TG) testing was performed on the 15%
H;3PO,-LiH,PO,/QF electrolyte under humid and dry conditions
(Fig. 4b). Owing to experimental constraints, only a low vapor
pressure (3 kPa) was applied to the electrolyte to simulate
a humid condition. At 3 kPa pH,O, the electrolyte initially lost
weight because it had absorbed a large amount of water from
the air owing to its high hygroscopic nature. After the vapor
supply was halted after 4.5 h, the electrolyte began losing weight
gradually. When 3 kPa of vapor pressure was reintroduced after
22.5 h, the weight of the electrolyte incrementally increased.
The weight variations in the electrolyte under humid and dry
conditions align with the electrolyte's conductivity changes.
Fig. 4c illustrates that the conductivity of 15%H;PO,-LiH,PO,/
QF increased as pH,O increased. These findings stress the
pivotal role of water vapor in obtaining high conductivity in the
15%H;PO,-LiH,PO,/QF electrolyte.

The importance of H,O for the conductivity of LiH,PO, was
reported by Kweon et al. in 2014.** Based on MAS nuclear
magnetic resonance (NMR) characterizations, the authors
concluded that the conductivity of LiH,PO, under humid
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(a) Reversibility test of the 15%HzPO4-LiH,PO4/QF between humid conditions (pH,O = 3 or 64 kPa) and dry conditions (pH,O = 0 kPa) at

120 °C. (b) TG test of 15%H3PO4-LiH,PO4/QF between pH,O = 3 kPa and pH,O = 0 kPa condition at 120 °C. (c) Conductivity test of 15%H3zPO4-
LiH,PO4/QF under different pH,O at 120 °C. The data points were obtained after the stabilization (1-12 h) at a given pH,O.
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conditions does not stem from proton hopping within the
LiH,PO, crystal. Instead, it originates from the rapid exchange
between protons in the LiH,PO, crystal and the water molecules
absorbed on the LiH,PO, surface. This results in H;O" and
proton defects in the crystals. Therefore, the conductivity of
LiH,PO, strongly depends on humidity. In this study, TG testing
confirmed the strong hygroscopicity of the 15%H;PO,-LiH,PO,/
QF electrolyte, which can absorb water even above 100 °C. This
may explain the high conductivity of the electrolyte observed
over a wide temperature range (100-200 °C).

H;3;PO, optimization to improve conductivity

The H;PO, doping amount was optimized in the x%H;PO,-
LiH,PO,/QF electrolyte in our study. As illustrated in Fig. 5a, the
conductivity increased with the increase in H;PO, addition,
reaching a peak with a doping amount of 15%. The samples
with varying H;PO, doping levels exhibited different
temperature-dependent behaviors. The conductivity of
LiH,PO,/QF decreased as the temperature increased, while that
of 15%H;PO,-LiH,PO,/QF increased as the temperature
increased. It is inferred that in LiH,PO,/QF, the water content
may play an essential role in determining conductivity.
Elevating the temperature reduces the water content in the
electrolyte, which leads to a drop in conductivity. In contrast,
the conductivity of 15%H;P0,-LiH,PO,/QF demonstrated
a positive temperature dependence similar to that of pure liquid
H;PO,,” suggesting that the excess H3PO, may have contrib-
uted to the high conductivity.

Fig. 5b presents the *'P MAS NMR evaluations for 15%
H;PO,-LiH,PO,/QF, LiH,PO,/QF, and commercial LiH,PO,. All
samples displayed a primary peak at —2.05 ppm, aligning with
the phosphorus in the LiH,PO, crystal formation. The consis-
tency in peak positions indicates that the LiH,PO, phase in 15%
H;PO,-LiH,PO,/QF and LiH,PO,/QF remains constant, which
correlates with the XRD and Raman results (Fig. 2c, 3b, and
S87). In the 15%H;PO,-LiH,PO,/QF sample, a distinct broad
peak is noticeable around 0 ppm, which is attributable to the
phosphorus in H3;PO,.** For LiH,PO,/QF, compared to the
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commercial LiH,PO, sample, a slight shoulder appeared above
0 ppm likely owing to the residual H;PO, created during the PH
operation. Fig. 5c and d show SEM images of the 15%H;PO,-
LiH,PO,/QF and LiH,PO,/QF samples, respectively. The gran-
ular particles correspond to LiH,PO, crystals, while the rod-like
structures are identified as quartz fibers (Fig. S9t). Additionally,
low-magnification SEM tests were conducted at different sites
on both samples (Fig. S107). The 15%H;PO,-LiH,PO,/QF elec-
trolyte exhibited a relatively continuous and smooth surface,
while the LiH,PO,/QF sample showed a clearly particulate
surface morphology. Given that the NMR results revealed the
coexistence of LiH,PO, and H;PO, in the 15%H;PO,-LiH,PO,/
QF sample, it is speculated that H;PO, resides in the interstitial
spaces between LiH,PO, particles. This may account for the
more continuous and smoother appearance observed in the
15%H;PO,-LiH,PO,/QF electrolyte.

It is noteworthy that the stabilization of H3;PO, on the
LiH,PO, surface is a characteristic unique to LiH,PO, among all
alkali metal dihydrogen phosphates (MH,PO,, M = Cs, Rb, K,
Na). Other MH,PO, compounds can react with H;PO, and
generate MH;5(PO,),.*° For instance, when H3;PO, is doped into
CsH,PO,, it forms CsHs(PO,),, which melts at 150 °C. Above
this temperature, the liquid CsH5(PO,), contributes to high
conductivity, but below 150 °C, solidified CsH;s(PO,), loses its
conductivity. Conversely, LiH,PO, and H3PO, do not create
LiH;5(POy),. This behavior may be related to the ionic size of Li".
Compared to the larger ionic radius of Cs*, the smaller Li" ion
with higher polarization may be unable to support a crystal
structure similar to CsHs(PO,),. Relevant discussions and data
are provided in the ESI (Table S3).}

Discussion on the high proton conductivity of the LiH,PO,-
based electrolyte

Fig. 6a demonstrates a comparison of the conductivity of the
electrolyte developed in this study with other electrolytes
mentioned in the literature. When compared to commonly
studied materials, such as the CsH,PO,/SiP,0O, solid acid
composite and H;PO, doped polymer (PA-PBI), the 15%H3PO,-
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(a) Conductivity test of LiH,PO4/QF with different HzPO4 doping amounts under different temperatures, pH,O = 64 kPa. The conductivity

data of pure HzPO,4 were collected from the study reported by Melchior et al.*® The data points were obtained after stabilization (0.5-1 h) at given
temperatures. (b) **P MAS NMR of 15%H3PO - LiH,PO4/QF, LiH,PO4/QF, and commercial LiH,PO4. (c and d) SEM images of 15%HzPO4-LiH,PO,4/

QF and LiH,PO4/QF.
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LiH,PO,/QF electrolyte attains a higher conductivity below 200 °©
C. A more comprehensive comparison with various types of
intermediate temperature solid electrolytes is presented in the
ESI (Table S4 and Fig. S11).} Based on the previously mentioned
discussion, it can be inferred that the coexistence of H,O and
H;PO, on the LiH,PO, particle surface contributes to high
electrolyte conductivity over a broad temperature range.
Compared to the activation energy of 0.165 eV for pure liquid
H;PO,4,* the 15%H;PO,-LiH,PO,/QF electrolyte exhibits
a significantly lower activation energy of 0.057 eV. Owing to the
high hygroscopicity of the 15%H;PO,-LiH,PO,/QF electrolyte, it
absorbs water from the atmosphere at temperatures above 100 °©
C, potentially leading to low activation energy for proton
conduction. As reported by Melchior et al., the combination of
H,O and H3;PO, has a lower activation energy than pure
H;PO,.* In contrast to commercial LiH,PO,, the 15%H;PO,-
LiH,PO,/QF electrolyte shows greater hygroscopicity, as the
electrolyte progressively absorbs water and partially transforms
into aqueous solutions under ambient conditions, while the
commercial equivalent remains unchanged (Fig. S12}). This
difference may be attributed to the smaller particle size of
LiH,PO, in the 15%H;PO,-LiH,PO,/QF electrolyte (Fig. S9a and
bt) and differences in hydrogen bonding, as revealed by Raman
spectra (Fig. S9ct).

The conductivity of LiH,PO, has previously been a subject of
debate. This discrepancy, according to the present study, could
potentially arise from the water content in the electrolyte pellet,
the water vapor pressure, and the pretreatment methods used
in different experimental processes. For instance, previous
studies by Lee et al. and Urtiaga evaluated the conductivity of
LiH,PO, pellets made of polycrystalline powder under low
humidity conditions (Table 2 and Fig. 6a).**** Moreover,
although Urtiaga preheated the LiH,PO, at 80 °C in the air for
24 h to lessen the remaining water in the electrolyte before

0,
(a) T/°C Representative electrolytes
PSP S L D o 6 CsH,PO,RT
. —6— CsH,PO,/SIP,0,
) PA-PBIS!
0 § —o— SAN-CePH-PBII2¢]

&— Pure liquid H;PO,*%

Literature reports on LiH,PO,
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measuring conductivity,”® Lee et al did not pretreat the
synthesized LiH,PO,.** Considering the high hygroscopic
nature of LiH,PO, reported by Lee et al., it is postulated that
water could be absorbed onto the surface of LiH,PO, particles,
influencing its conductivity.*®* Uniquely, Berg et al. performed
the conductivity measurements inside a sealed glass container
capable of maintaining high water vapor pressure (e.g., pH,O =
2 bar at 200 °C).*® They observed a decrease in conductivity
when the tests were conducted in the open air. Although both
the aforementioned studies took measurements from low to
high temperatures, Berg et al.'s measurements started at a high
temperature of 272 °C,*® which is above both the polymerization
and melting temperatures. All the previous studies were con-
ducted on LiH,PO, alone to clarify its function. Our study
demonstrates the high conductivity of H;PO, and LiH,PO, over
a broad temperature range after polymerization and hydrolysis
treatment. Conductivity tests conducted under various
humidity conditions have shed light on the high conductivity of
LiH,PO,4-based electrolytes. Compared to Berg et al.'s study, the
inclusion of H;PO, permits LiH,PO, electrolytes to exhibit high
conductivity under ambient pressure, considerably enhancing
their prospective application in electrochemical devices.

Scalability and practical application of electrolyte membranes

To illustrate the scalability of the PH synthesis process, the
diameter of the QF membrane was increased from 2 cm to
10 cm. As depicted in Fig. 6b, different portions of the
membrane were sliced, and their conductivities were evaluated
at 120 and 160 °C after undergoing hydrolysis treatment at 110 °©
C (Fig. 6¢). The findings were akin to those of the smaller 2 cm
diameter membrane, signifying the scalability of the current
method. Both membranes with different sizes exhibited suffi-
cient mechanical strength to be handled easily, as shown in
Fig. S13.7

(b)

s 16

LiH,PO,! ]
LiH2P04[5” "E '1'2'_ O 160°C
, LiH;PO,#Xhigh pH,0, closed system) -141 g o o
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Fig. 6

(a) A comparison of the conductivity of electrolytes in this work with representative electrolytes?®34374° at intermediate temperatures and

previous reports on the conductivity of LiH,PO,4.383%5 (b) Images of polyphosphate hydrogel/QF with diameters of 2 and 10 cm. The regions
selected for the conductivity tests are shown as dashed circles in the sample with a 10 cm diameter. (c) Conductivity comparison of electrolyte
membranes with diameters of 2 and 10 cm at pH,O = 64 kPa. The data points were obtained after stabilization (0.5-1 h) at given temperatures.
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Table 2 Comparison of experimental conditions for the conductivity test of LiH,PO, in previous reports®

Ref. LiH,PO, sample status Humid condition Measurement direction Additional information
39 Pellet prepared by grinding Low humidity atmosphere 40 °C — 226 °C
LiH,PO, powder (open air?)
51 Pellet prepared by grinding Relative humidity = 3.0% 125 °C — 220 °C LiH,PO, was heated at 80 °C
LiH,PO, powder for 24 h before pressing into
a pellet
38 Untreated commercial Changed with temperature 272 °C — 359 °C — 32 °C The sample was loaded in
LiH,PO, (e.g., pPH,0 = 2 bar at 200 °C) a closed glass container
This study 15%H,PO,-LiH,PO,/QF PH,O = 4-98 kPa 100 °C — 180 °C
membrane

¢ LiH,PO, polymerization temperature: ~180 °C; melting temperature: ~210 °C.

To evaluate the practical applicability of the electrolyte
membrane, steam electrolysis tests were conducted in an
intermediate temperature electrochemical cell (Fig. S147). After
optimizing the ambient humidity conditions, stable cell oper-
ation was achieved, with a faradaic efficiency for hydrogen
generation of approximately 90% (Fig. S15f). However, the
stable operation of the electrolyte is limited to relatively low
temperatures (110 °C). The experimental results are discussed
in the ESIL.{ Future work will focus on optimizing the structure
and composition of the electrolyte matrix materials, with
reference to similar electrolytes to gain further insights.*>** It is
expected that by enhancing the water retention ability of the
electrolyte, the operational performance of the electrolyte can
be improved across a broader temperature range.

Conclusions

In summary, an Hz;PO,-LiH,PO,/QF electrolyte membrane was
successfully developed using a unique polymerization-hydrolysis
(PH) synthesis method, demonstrating high conductivity over
a broad temperature range (100 °C to 200 °C). The key factors that
contributed to achieving this high conductivity are as follows: (1)
adequate salts embedded in the membrane through PH treat-
ment, (2) the incorporation of extra H3PO,, and (3) humid
conditions. It is hypothesized that a highly conductive interface
forms between the LiH,PO, particles that contain H;PO, and
H,O0, contributing significantly to the electrolyte's high conduc-
tivity. TG analysis highlighted the electrolyte's high hygroscop-
icity, which allows it to absorb water from the atmosphere at
temperatures exceeding 100 °C. This property likely explains its
consistent conductivity performance over a wide temperature
range compared to other intermediate-temperature electrolytes.
The PH synthesis process also showed scalability, enabling the
production of larger membranes by simply adjusting the dimen-
sions of the QF membrane. In summary, this study presents a new
synthesis method for the LiH,PO, solid acid electrolyte and offers
valuable insights into its proton conduction mechanism.
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