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a three-dimensional open framework in the intermediate
temperature range

A mixed cation phosphate, NaMg,_Li,.H, (PO-yH,O with
a three-dimensional tunnel structure exhibited high proton
conductivity over 102 S cm™ by diffusion of H;O* along the
PO, tetrahedral chain in the tunnel in the wide temperature
range of 150-500°C under a non-humidified atmosphere.
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Proton solid electrolytes, which exhibit high proton conductivity and thermal stability in a wide range of
intermediate temperatures, are desirable for operating fuel cells at a temperature suitable for applications such
as automobiles and cogeneration systems. A new proton conductor NaMg; _,Li,H,(POz)3-yH,O was synthesised
by a coprecipitation method. Powder X-ray structure refinement reveals that the three-dimensional tunnel
framework is formed by the sharing of corner oxygens of zigzag PO, tetrahedral chains and face-shared
(NaOg)(MgOg) chains. In the three-dimensional tunnel, the oxygen sites of water for crystallisation were
observed. In Fourier transform infrared spectroscopy (FTIR) measurement, an increase in absorption peaks
corresponding to the modes of O-H and P-O-H bonds for x in NaMg;_,Li,H,(POz)s-yH,O was observed,
which reflects the introduction of protons to the crystal structure. Although a multi-step weight loss due to
desorption of water of crystallisation was observed for thermogravimetry (TG) curves, NaMg;_,LiyH,(POz)3-yH>O
retained the framework up to 800 °C. The proton conductivity shows a positive tendency for x.
NaMgg glLio 2Ho 2(PO=)3-yH,O exhibited a high proton conductivity of over 1072 S cm~tin the temperature range
of 150-500 °C, and the value reached 2.4 x 1072 S cm™ at 225 °C under a non-humidified atmosphere. The
proton conductivity of NaMgg glip 2Ho 2(PO3)zyH,O changed with the amount of crystalline water. In a humidi-
fied atmosphere (pn,0 = 4 kPa), NaMgo glip 2Ho 2(PO3)3:yH,O exhibited a conductivity of over 1073 S cm™t from
room temperature to 500 °C and reached 2.6 x 1072 S cm™* at 225 °C. After keeping the dehydrated sample
in the humidified atmosphere at room temperature for 2 h, NaMgg glip2Ho 2(PO3)zyH>O showed a proton con-
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inorganic solids such as CsHSO, and CsH,PO,>'*™"7 exhibit
high proton conductivity below low-intermediate temperatures.
In-doped SnP,0, exhibits a high proton conductivity up to

Introduction

Proton conduction is a common phenomenon observed in

various materials, including liquids and organic and inorganic
solids,"® and is essential for the metabolism of biological
systems’® and the operation of fuel cells."®™* In particular,
proton conductors are important for practical applications as
electrolytes that determine the operating temperature of fuel
cells. Since the chemical reaction rate is thermally excited and
the selectivity of the reactions is excellent at a low temperature,
the operating temperature of the fuel cells is desirable in the
temperature range of 100-500 °C. Acids, liquid-impregnated
polymers," metal-organic framework (MOF) systems,>**** and
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350 °C.*™" Perovskites exhibit excellent thermal stability and
high proton conductivity above 300 °C.>*'®'® Although all of
them are excellent proton conductors, they have a common
issue that they exhibit high proton conductivity in a limited
temperature range.

To develop materials that exhibit thermal stability and high
proton conductivity, it is necessary to find a new structure with
a proton diffusion pathway in the inorganic framework. In
developing such materials, the material design that divides
the structure into inorganic blocks and hydrogen bond net-
works observed in MOF-based materials is considered attrac-
tive. However, the use of non-combustible inorganic blocks is
not sufficient, and a framework formed only by strong bonds,
such as covalent and ionic bonds like perovskites, is needed to
achieve thermal stability above 500 °C. Furthermore, to develop
high proton conductivity, it needs to form a hydrogen bond
network that results in the proton conduction pathway by
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controlling the arrangement of molecules, and retention of
these molecules up to intermediate temperatures.

Mixed cation phosphates are attractive materials that exhibit
high proton conductivity in a wide temperature range. AMg;
H,,(PO;);yH,0O (A: Rb' and K') has a one-dimensional tunnel
framework that is composed of face-shared (AOs)(MgOs) chains
and PO, chains.”**" Water molecules were arranged along the PO,
chains via hydrogen bonds in the tunnel and retained by the
connection via a coordination bond with a large alkali cation that
forms the framework. Although a phase transition occurs at around
300 °C, these tunnel phosphates exhibit a high proton condu-
ctivity of over 107> S em™' from room temperature to 250 °C.
Benitoite-type phosphate, which is the high-temperature phase of
KMg; _H,,(PO3);-yH,0, has a layered framework formed by stack-
ing the layers of the edge-shared (AOs)(MgOg) octahedral units and
those of the P3Oy ring in the c-axis direction, and exhibits a high
proton conductivity up to 500 °C.*>

Mixed cation phosphates form various open frameworks by
combining cations with different valences, sizes, and synthesis
conditions.?°>® These open frameworks are formed by a rigid
connection between the octahedral cations and PO, tetrahedra,
which results in the thermal stability of the proton conductors.
Since the PO, tetrahedra tend to form hydrogen bonds, the
connection of the PO, tetrahedra provides an adjacent arrange-
ment of water molecules in the tunnel framework, which
participates as a proton conduction pathway. Water molecules
that exist in the tunnel are not only connected to the PO,
tetrahedra via hydrogen bonds, but their oxygen also coordi-
nates with large alkaline cations.>® Furthermore, with mixed
cation phosphate, proton conductivity is expected to improve
with the introduction of protons as charge compensation for the
formation of cation deficiency and the substitution of aliovalent
cations. The phase transition of KMg; ,H,,(PO3);yH,O is
thought to occur to extend the distance between the alternately
arranged K* and Mg". Although it is desirable to include a large
cation for the formation of coordination bonds with oxygen in
water molecules, it is necessary to select cations smaller than K*
to prevent the phase transition. In the present study, we focus
on NaMg(POs3);, which has a three-dimensional open framework
with PO, chains.*® Improvement of proton conductivity was
attempted by introducing protons into NaMg; ,Li,H,(PO;);-
YH,O0. To introduce protons as charge compensation of aliova-
lent substitution, NaMg; ,Li,H,(PO3);-yH,O was synthesised
with a coprecipitation method and revealed the exhibition of a
proton conductivity exceeding 107> S cm™ ' in a wide tempera-
ture range of 150-500 °C without large humidification. This
paper discusses the relationship among the composition, struc-
ture, and proton conductivity of NaMg; _,Li,H, (PO3);yH,O.

Experimental

The NaMg; ,Li,H,(POs);yH,O series was synthesised by the copre-
cipitation method. Appropriate molar ratios of Na,CO; (Nacalai
Tesque, >99.5%), Li,CO; (Wako) and (MgCO;);Mg(OH), xH,O
(Nacalai Tesque) were weighed and dissolved in 30 mL of
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phosphoric acid solution (0.5 mol L™, Kanto Chemical Lab. Co.).
The solution was heated at 120 °C in air for a day, and a white-
coloured residual powder was obtained. The sample powder
obtained was pressed into a pellet (10 mm diameter, 1-2 mm thick)
and then heated in air at 400 °C for 12 h on an alumina boat with an
intermediate grinding step. X-ray diffraction (XRD) patterns for the
powder samples were obtained using a diffractometer (Rigaku
RINT2000) with CuKo radiation in the 20 range from 10° to 90°
with 0.02 step widths. Thermogravimetry/differential thermal ana-
lysis (TG/DTA; Rigaku Thermo Plus EVO TG 8120) was performed at
a heating rate of 10 °C min~" under a N, gas flow. The structures of
the samples were refined by X-ray Rietveld analysis using the Z-
Rietveld programme.”” The activation energy was estimated using
the soft VB programme.*® Fourier transform infrared (FTIR)
absorption spectra of the samples were recorded with an IR
Affinity 1S spectrometer (Shimadzu Inc.) with a spectral range of
600-4000 cm ™, 50 scans and a resolution of 0.5 cm ™.

The ionic conductivities were measured by the AC impe-
dance method in the temperature range from room tempera-
ture to 500 °C under an N, gas flow over the frequency range of
10 Hz to 1 MHz using an LCR metre (Hioki MI3536) as a
frequency response analyser. Measurements were performed
using a sample pellet (10 mm diameter, 1-2 mm thick) with
gold electrodes on each side. The relative density of the
measured pellets was approximately 80%.

Results and discussion

NaMg,; ,Li,H,(PO3);-yH,O was synthesised in order to intro-
duce protons into the crystal as charge compensation by partial
substitution of Mg>* with Li*. Fig. 1 shows the XRD patterns of
NaMg, ,Li,H,(PO3);-yH,0 synthesised in air at 400 °C for 12 h.
Diffraction patterns of NaMg;_,Li,H,(PO3);-yH,O were similar
to those of NaMg(PO;); and all diffraction peaks could be
assigned to the space group Phca.>® The structural parameters
of NaMg; ,Li,H,(PO;);-yH,0 were refined by XRD Rietveld
refinement analysis using the structural model (space group

)
‘c
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Fig. 1 XRD patterns for NaMg;_,LiyH,(POs)syH,O synthesised in air at
400 °C for 12 h.
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Fig. 2 The observed and calculated XRD patterns and their difference for
NaMg;_LixH,(PO3)3-yH,O (x = 0.20).

Pbca).*® We considered a model in which lithium occupies only
Mg1 or Mg?2 sites and a model in which lithium occupies both
of these sites. The best result was obtained by refinement with
the third model. In this model, the lithium occupancy was fixed
to the charged composition, and the analysis proceeded. Five
oxygen sites in the water of crystallization were newly deter-
mined using the differential Fourier synthesis method. Fig. 2
displays the observed and calculated XRD patterns and their
difference for NaMg; ,Li,H,(PO3);-yH,O (x = 0.20) as represen-
tative data. Structural parameters obtained from the final
refinement cycle are listed in Table 1. The profile fitting
provided good agreement factors; R, of 10.76%, R, of 8.31%,
Ry of 4.92%, Ry of 4.88%, and S = 1.45.

Fig. 3 presents a change in the refined lattice parameter as a
function of x in NaMg; _,Li,H,(POs)3-yH,O. The a, b, and ¢ axes
contracted for x, suggesting the formation of the solid solution
in the range of x = 0-0.20. It is thought that the shrinkage of the
lattice by the replacement of Li* (0.74 A) with an ionic radius
larger than Mg*" (0.72 A) is caused by the contraction between
the oxygens due to the formation of hydrogen bonds with the
introduced protons. Fig. 4 depicts the FTIR spectra for
NaMg; ,Li,H,(PO3);yH,0. To remove the effect of adsorbed
water, the samples were dried at 120 °C before measurement.
The strong absorbance peaks at 743 cm ™" and 970 cm™" can be
assigned to the symmetric and asymmetric vibration modes of
v4(P-O-P) and v,4(P-O-P) stretching vibrations.**** This corre-
sponds to the formation of PO, tetrahedral chains. The vibra-
tion bands at around 1095 and 1253 cm ' are due to the
symmetric and asymmetric PO, vibration modes of v4(PO,),
and v,4(PO,). The broad absorbance peaks at 2300 and 2750
cm ! are attributed to the vibration modes of v(P-O-H). The
vs(P-O-H) and v,s(P-O-P) modes in polyphosphates at 684
em ™' and 950 cm ™', respectively, are enhanced by the connec-
tion of protons to the PO, unit.?® The bands at approximately
1600 cm™" and 3500 cm ™" are assigned to 3 (OH) and v (OH),
reflecting the presence of water of crystallisation. These vibra-
tion modes reveal strong absorbance peaks with increasing x,
which suggests the introduction of H' in the crystal structure.

Fig. 5 illustrates the TG/DTA curves for NaMg; _,Li,H,(PO3)s-
YH,0 with x = 0 and x = 0.20 measured under an N, gas flow
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Table 1 Refined structural parameters for NaMggp golio.20H0.20(PO3)3:
yH0

Atom  Site g x y z BJA?
P1 8c 1.0 0.020(14)  0.245(15) 0.473(16) 0.5
P2 8¢ 1.0 0.218(13)  0.225(18) 0.489(16) 0.5
P3 8¢ 1.0 0.266(13)  0.024(2) 0.481(19) 0.5
P4 8c 1.0 0.275(14) —0.007(19)  0.267(15) 0.5
P5 8¢ 1.0 0.474(13)  0.019(2) 0.239(16) 0.5
P6 8¢ 1.0 0.494(15)  0.233(18) 0.224(18) 0.5
Mgl 8 08 0.122(2)  0.121(3) 0.134(2) 0.5
Li1 8c 0.2 =x(Li1) =y(Li1) =z(Li1) 0.5
Mg2 8 0.8 0.376(2)  0.378(2) 0.380(3) 0.5
Li2 8c 0.2 =x(Li2) =y(Li2) =z(Li2) 0.5
Nal 4a 1.0 0 1/2 1/2 0.5
Na2 4b 1.0 1/2 1/2 1/2 0.5
Na3 8 1.0 0.247(18)  0.251(3) 0.252(2) 0.5
o1 8¢ 1.0 0.493(3)  0.263(3) 0.126(4) 1.0
02 8c 1.0 0.04(3) 0.160(3) 0.023(3) 1.0
03 8c 1.0 0.467(3)  0.327(4) 0.481(4) 1.0
04 8¢ 1.0 0.131(3)  0.175(3) 0.442(3) 1.0
05 8c 1.0 0.224(3)  0.216(4) 0.081(3) 1.0
06 8¢ 1.0 0.279(3)  0.273(4) 0.419(4) 1.0
07 8¢ 1.0 0.261(3)  0.376(4) 0.019(3) 1.0
08 8¢ 1.0 0.157(2)  0.037(3) 0.022(4) 1.0
09 8¢ 1.0 0.329(3)  0.474(3) 0.471(3) 1.0
010 8 1.0 0.283(2)  0.033(3) 0.356(3) 1.0
011 8 1.0 0.228(3)  0.076(3) 0.218(4) 1.0
012 8 1.0 0.270(3)  0.397(3) 0.288(3) 1.0
013 8c 1.0 0.111(3)  0.452(3) 0.241(4) 1.0
014 8 1.0 0.475(3)  0.471(3) 0.342(4) 1.0
015 8 1.0 0.022(3)  0.038(3) 0.173(3) 1.0
016 8¢ 1.0 0.429(2)  0.130(5) 0.198(3) 1.0
017 8 1.0 0.414(3)  0.276(4) 0.279(3) 1.0
018 8 1.0 0.086(2)  0.203(3) 0.234(3) 1.0
019 8¢  0.60(5) 0.444(4)  0.637(5) 0.769(4) 1.5
020 8c  0.41(4) 0.876(7)  0.624(8) 0.882(9) 1.5
021 8  0.56(5) 0.56(5) 0.392(4) 0.905(5) 1.5
022 8¢ 0.23(4) 0.144(10) 0.808(13) 0.202(13) 1.5
023  8c  0.54(4) 0.166(5)  0.877(4) —0.032(5) 1.5

Space group: Phca (61), a = 14.239 (3) A, b =14.210 (3) A, ¢ = 14.199 (3) A,
5:1.45, Ryp(%): 10.76, Ry(%): 8.31, Re(%): 7.40, Ry(%): 4.92, Rp(%): 4.88.
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Fig. 3 A change in the refined lattice parameter as a function of x in
NaMg1,XLiXHX(P03)3~yHQO.

with a heating rate of 10 °C min . The XRD patterns for
NaMg; ,Li,H,(PO;);yH,O (x = 0 and 0.20) measured after
holding at different temperatures for 6 h are shown in
Fig. S1(a) and (b) (ESIt). For x = 0, a three-step weight loss
due to dehydration reactions occurred at room temperature,
150 °C, and 600 °C. For x = 0.20, dehydration reactions were
observed at room temperature and 150 °C. The amount of

Mater. Adv,, 2021, 2, 6603-6612 | 6605
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Fig. 5 TG/DTA curves for NaMg;_,LixHx(PO3)s-yH,O with x = 0 (a) and x =
0.20 (b) measured under an N gas flow with a heating rate of 10 °C min™2.

weight loss for the temperature of the samples with x = 0.20
decreased from 250 °C, and a dehydration reaction proceeded
up to 800 °C. No impurity peaks were observed for XRD patterns
for the samples with x = 0-0.20 and the framework was retained
up to 800 °C. It is considered that the water of crystallisation
desorbed at 600 °C for the sample with x = 0 and desorbed at
250 °C due to the introduction of H' for the samples with x =
0.20. The oxygens of water molecules coordinate with cations
using their lone pairs; therefore, the formation of H;0" due to
the connection of H" and lone pairs weakens the coordination

6606 | Mater. Adv, 2021, 2, 6603-6612
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Table 2 Water contents of NaMg; _,Li,H,(POs)s-yH,O calculated from the
weight loss in the range of 30-800 °C

x 0 0.20

Water content 0.7 1.1 1.2

bonding of water molecules. The initial weight loss corre-
sponds to the loss of adsorbed water and water of crystal-
lisation, and the second step corresponds to the loss of only
water of crystallisation. Water contents of NaMg, ,Li,H,(PO3)s-
yH,0, as calculated from the weight loss in the range of 30-
800 °C, are summarised in Table 2. The water content of the
samples tended to increase with x and varied from 0.7 to 1.2 per
unit formula.

Fig. 6 presents the crystal structure of NaMg, gLiy ,Ho »(PO3)3-
yH,O0 viewed along the [001] direction (a) and PO, chains along
the a-axis direction with oxygens of water molecules adjacent to
PO, tetrahedra (b). The averaged bond length and bond angles
of NaMg; ,Li,H,(PO;3);;yH,O are summarised in Table S1
(ESIT). Sodium ions are shown in light blue spheres, magne-
sium ions are yellow ones, and PO, tetrahedra are displayed in
dark gray in the figure. The newly detected oxygens of the water
molecule are indicated by dark blue spheres. The PO, tetrahedra
are connected by the sharing of corner oxygens to form a zigzag
chain along the g-axis direction. Face-shared (NaOg)(MgOg)
octahedral chains are linked along the [111] direction, and
crystallographically equivalent octahedral chains are connected
by corner-sharing with the zigzag PO, chains to form a three-
dimensional open framework. Two of the oxygens in the PO,
tetrahedron are shared by the NaOg and MgOg octahedra, and
the others connect with the adjacent PO, tetrahedra. One of the
P-O bonds shared by adjacent PO, was longer than the others,
and these values varied in the range of 1.39-1.96 A. The bond
angles of O-P-O ranged from 92-130° and were distorted from
the ideal tetrahedral bond angle of 109.5°. No systematic
changes in the bond length or bond angle for compositional
changes were observed for cations composing the framework.

Five oxygens of the water molecules exist in the three-
dimensional tunnel along with PO, tetrahedral chains. The
enhancement of the P-O-H and P-O-P absorption peaks for x
in the FTIR spectra reflects the formation of O-H bonds
between protons and oxygens of the PO, tetrahedra. Since
water molecules are connected to the PO, tetrahedron via
hydrogen bonds, they are thought to be arranged adjacent to
the PO, tetrahedral chain. Three oxygens, 021-23, form bonds
with Na' in the range of 1.9-2.45 A and exist as coordination
water molecules, which would be due to the preference of large
cations for a large coordination number of anions.>*

The rigid framework formed by covalent and/or ionic bonds
without the connection of hydrogen bonds with molecules
results in the retention of the structure up to 800 °C, even if
the desorption of water of crystallisation occurs. The weight
loss due to the stepwise dehydration reaction on the TG curves
comes from the different coordination environments of the
water molecules in the tunnel. Coordinated water molecules

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The crystal structure of NaMgg glig 2Ho 2(PO3)3-yH,O viewed along
the [001] direction (a) and POy4 chains along the a-axis direction with
oxygens of water molecules (b).

connected with Na' should be maintained up to high
temperatures.”” It is thought that the formation of H;0" would
weaken the contact between Na* and water molecules; however,
a TG curve of x = 0.20 suggests residual water of crystallisation
above 500 °C. This material has the potential for exhibiting
high proton conductivity up to intermediate temperatures due
to the proton diffusion accompanied by the hopping of water
molecules in the tunnel along PO, chains.?***

Fig. 7 depicts the Cole-Cole plots for the sample with x =
0.20 in NaMg; ,Li,H,(POj3);-yH,0 measured at different tem-
peratures under a non-humidified N, gas flow. The plots for the
samples with x = 0.20 showed a spike due to the electrode
contribution, which is a typical behaviour for materials with
high ionic conductivity. The total resistivity was obtained from
the real axis intercepts of the spike caused by the electrode

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Cole-Cole plots for the sample with x = 0.20 in NaMg;
LixHx(PO3)3:yH,O measured at different temperatures under a non-
humidified N, gas flow.

contribution. The conductivity increased up to 225 °C and then
decreased, which would be due to the dehydration. Fig. 8 shows
the temperature dependence of the proton conductivity of
NaMg; _,Li,H,(PO;);-yH,0 measured under a non-humidified
N, gas flow. The proton conductivity increased with x, reflecting
the introduction of protons. The conductivity of x = 0 increased
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Fig. 8 The temperature dependence of the proton conductivity of
NaMg;_LixHx(PO3)3-yH>,O measured under a non-humidified N, gas flow.
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Fig. 9 The change in the proton conductivity for the water content of
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with the temperature from room temperature to 125 °C, then
less increase in conductivity with temperature was observed at
150 °C, at which point the second stage dehydration reaction
occurred.

It decreased from 200 to 300 °C as the dehydration reaction
progressed and then increased again above 300 °C. The change
in conductivity for the temperature of the sample with x = 0.10
exhibited an intermediate behaviour between x = 0 and x = 0.20.
The sample with x = 0.20 exhibited a high proton conductivity
of 2.3 x 107* S em™" at 23 °C, and the highest conductivity
value of 2.4 x 107> S ecm ™! was obtained. The apparent activation
energy of x = 0.20 in the range of 23-225 °C was 13.6 k] mol . This
sample exhibited a value of over 107> S em™ " in a wide temperature
range of 150-500 °C. It is thought that the conductivity of the
sample with x = 0 improves for temperature because the amount of
water of crystallisation becomes almost constant at 300-600 °C,
whereas the conductivity of the sample with x = 0.20 decreases
gradually due to the desorption of water of crystallisation.

Fig. 9 presents the change in proton conductivity for the
water content of NaMgy gLig,Ho»(POs3);-yH,0, measured at
150 °C under a non-humidified atmosphere. Samples with
low water contents were obtained by heating to a high tem-
perature in the impedance measurement cell under a non-
humidified atmosphere. The water content at the increased
temperature calculated based on the TG curve was used as the
water content of the sample. The conductivity of the sample
containing almost no water of crystallisation was below the
lower limit of measurement of the apparatus. The conductivity
of NaMg, gLiy ,Hy »(PO3)s-yH,O showed a positive tendency for
the water content, which suggests proton diffusion associated
with the water of crystallisation. Unlike protons, the diffusion
of Na' and Li' needs the formation of defects at normal
positions and the movement of interstitial sites for diffusion
in the crystal structure. Since Li* partially occupies the Mg sites,
it requires the diffusion of Mg”* to diffuse in the crystal. The
activation energy of Mg>* estimated using the soft VB
programme®® is as high as 2.4 eV, which suggests that diffusion

6608 | Mater. Adv., 2021, 2, 6603-6612

View Article Online

Materials Advances

of Li" hardly occurs in this structure due to the obstruction by
Mg>". The energy barrier for Na* diffusion also shows a high
value of over 0.7 eV. It is considered that the diffusion of these
cations that form the framework barely occurs in this structure.
Even if the diffusion of Na" and Li" contributes to the conductivity,
its value is considered to be less than 4.3 x 107> S em™ " of the
sample with the lowest water content because the movement of
these cations is independent of water content. Therefore, the
conductivity derived from the diffusion of Na" and Li" must be
lower than 4.3 x 107> S em™ " of the sample with the lowest water
content. This value is 0.4% of the sample, exhibiting a value of 1.1 x
107% S em ™, and the high conductivity of this material is consid-
ered to be due to proton diffusion through water molecules.

Fig. 10 shows the temperature dependence of the proton
conductivity of NaMg, gLiy,Hg»(PO3)s-yH,O under a humidi-
fied atmosphere (py,o = 4 kPa). At an initial heating step, the
conductivity of NaMg sLig,H »(PO3)3;-yH,O exhibited a high
proton conductivity of over 107* S cm ™" from room tempera-
ture, and it reached 2.6 x 107> S cm ™" at 225 °C. Although the
conductivity decreased slightly from 250 °C to 350 °C due to
dehydration, NaMgy gLij ,Ho »(PO3)3-yH,O exhibited a high pro-
ton conductivity of over 2 x 107> S em ™. Since the desorption
of water of crystallisation is relieved under a humidified

1.5

®ce %%
000000
&

20+
N 4
3 >0
[s))
o

e 1st &
o2nd °

8081 1 1 [ [ |
1.21.51.82.1242.73.03.3

10°T/K

Fig. 10 The temperature dependence of the proton conductivity of
NaMgg glio 2Ho 2(PO3)3:yH,O under a humidified atmosphere (szO =4
kPa). The measurement at the second heating step was performed after
holding the sample used for the initial measurement under an N, gas flow
saturated at room temperature (py,0 = 4 kPa) for 2 h.
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Fig. 11 The temperature dependence of the proton conductivity of NaMgg glio 2Ho 2(PO3)3-yH,O together with those of previously reported proton

conductors.

atmosphere rather than under a non-humidified atmosphere,
the conductivity would increase again above 350 °C. After the
first heating step, the sample was held for 2 h in an N, gas flow
saturated at room temperature, and then the conductivity was
measured again. NaMg gLiy ,Ho 2(PO3)3-yH,0 showed a proton
conductivity of over 107 S cm ™" from room temperature, and
the value reached 1.8 x 107> S em™" at 225 °C in the second
heating step. The sample held for 2 h at room temperature
under a humidified atmosphere contained water molecules of
1.0 H,O that was calculated from the weight loss of 30-800 °C
on the TG curve, which is over 80% of the water of crystal-
lization of the sample before the initial heating step. Since
desorption and absorption of water of crystallization occur
reversibly in this structure, it is considered that the high proton
conductivity corresponding to the amount of water of crystal-
lization is exhibited again under a humidified atmosphere.
Fig. 11 presents the temperature dependence of the proton
conductivity of NaMg gLiy ,H2(PO3)3-yH,O together with those of
previously reported proton conductors. NaMg, sLi ,Hg »(PO3)3yH,O
exhibits high proton conductivity over a wide temperature
range from room temperature to 500 °C, and the values exceed
10> S cm™ " in the range of 150-500 °C. Materials impregnated with
liquids, such as Nafion membranes, exhibit high proton conductiv-
ity at low temperatures with a large amount of humidification."
However, it is difficult to maintain high proton conductivity up to
the intermediate temperature due to water volatilisation. Inorganic
solids containing water molecules and polyoxometalates also exhibit
high proton conductivity at low temperatures.’>*' Many MOF
materials, which have a non-combustible inorganic block and a
hydrogen bond network of molecules that provide a proton diffu-
sion pathway, exhibit a high proton conductivity below 150 °C.>"*'*
Solid acids such as CsHSO, and CsH,PO, exhibit high proton

© 2021 The Author(s). Published by the Royal Society of Chemistry

conductivity above the temperature at which the phase transition
occurs."™® The structure of MOF-based materials and these solid
acids become thermally unstable because of the dissociation of
hydrogen bonds, contrary to showing fast proton diffusion in the
low-intermediate temperature range. Inorganic solid acids expand
the temperature range in which high proton conductivity is exhib-
ited as composites with other ceramics.*” In-doped SnP,0; exhibits
a high proton conductivity up to 350 °C"'; however, the conductivity
has changed by five orders of magnitude by synthesis methods and
research, which has caused controversy over whether the origin of
proton diffusion is intercrystalline or a grain boundary.?*?33¢
Perovskites with rigid frameworks formed by only ionic/covalent
bonds show excellent thermal stability and exhibit high proton
conductivity at around 400 °C by the material design based on the
point defects chemistry. However, an achievement of fast proton
diffusion via the Grotthouss mechanism below 300 °C is still
difficult due to the high charge density on the surface of
protons.>®

The three-dimensional tunnel framework of NaMg,g
LipoHy»(PO3)3-yH,0 is formed by the connection of (NaOg)
(MgOs¢) octahedral chains and PO, tetrahedral chains without
hydrogen bonding with water molecules. The rigid framework
connected by only covalent/ionic bonds of NaMggs
Lip,H »(PO3)3-yH,0 results in thermal stability up to 800 °C.
Since the framework is formed without water molecules, the
structure is maintained even if the dehydration reaction occurs.
Because the framework was retained after dehydration at a high
temperature, it exhibited high proton conductivity again after
incorporating water of crystallisation. Mixed cation phos-
phates, AMg, H,,(PO;);:yH,0 (A: K" and Rb'), have water
molecule chains that provide a proton diffusion pathway in a
one-dimensional tunnel framework formed by (AOg)(MgOs)

Mater. Adv, 2021, 2, 6603-6612 | 6609
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octahedral chains and PO, tetrahedral chains and exhibit high
proton conductivity from room temperature to 250 °C.>%*!
Although these phosphates have a rigid framework as well
as NaMg, gLig,Ho»(PO3);-yH,0, this change to the high-
temperature phase allows longer distances between the A site
cation and Mg>". Benitoite-type phosphate, which is the high-
temperature phase of the 1D tunnel-type KMg; ,H,,(PO3);-
YH,O0, also shows thermal stability and exhibits high proton
conductivity up to 500 °C.>> Due to the smaller cation size of
Na' compared to K" and Rb', NaMg, sLig,H,(PO;);-yH,0
would maintain enough distance between Na* and Mg>* in
the octahedral chain and no phase transition occurs up to the
melting point. NaMgj sLiy»Ho(PO3);-yH,O exhibited higher
proton conductivity over a wider temperature range than other
mixed cation phosphates.

The conductivity change for the water content suggests the
proton diffusion associated with the water of crystallisation in
NaMg sLip2Ho »(PO3)3-yH,0. In the three-dimensional tunnel
framework of NaMg, gLiy,H, »(PO3);yH,0, oxygen sites of
water molecules were confirmed. The connection of PO, tetra-
hedra and H,0/H;0" via hydrogen bonds is observed from the
FTIR spectra. The connection of PO, tetrahedra induces the
adjacent hopping sites of water molecules in the tunnel frame-
work of mixed cation phosphates.?®*' A part of the water
molecules in NaMgy gLip»Ho 2(PO3)3:yH,O is coordinated to
Na' that forms the framework. The large cation in the mixed
cation phosphates tends to form coordination bonding with the
oxygen of water molecules, and it enhances the retention ability
of water molecules in the structure due to the stronger connec-
tion than that of the hydrogen bonds.>* The strong connection
of water molecules by the coordination bond causes a slightly
lower proton conductivity of NaMg gLig,Hg »(PO3);yH,O at
low temperatures than other water-contained systems; however,
the adjacent arrangement of water molecules in the tunnel
framework should result in high proton conductivity over
10 S em ! from room temperature. The increase in conduc-
tivity reached a plateau at around 200 °C due to the desorption
of water of crystallisation; however, it exhibited a high proton
conductivity of over 107> S em™ " up to 500 °C due to the
retention of water molecules by the strong connection with
the rigid framework.

Conclusions

Mixed cation phosphate, NaMg; ,Li,H,(PO;);-yH,O, with a
three-dimensional open framework was investigated as a fast
proton conductor. NaMg, gLiy,Ho»(PO3)3-yH,O was synthe-
sised by the coprecipitation method. A solid solution was
formed in the composition range of x = 0-0.20. From the
thermal measurement, a stepwise elimination reaction of water
of crystallisation was observed. In FTIR measurements, an
increase in absorption peaks corresponding to the modes of
O-H and P-O-H bonds for the composition change in
NaMg; _,Li,H(PO;);-yH,O was observed. The three-dimensional
tunnel framework of NaMg sLip,Ho(POs)3yH,O was formed by
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the connection of (NaOg)(MgOs) octahedral chains and PO, tetra-
hedral chains. In the three-dimensional tunnel framework of
NaMg,, sLig ,Ho 2(PO3)3-yH,0, the oxygen sites of water molecules
were confirmed. A multi-step weight loss due to desorption of water
of crystallisation was observed for the TG curves. The framework
was retained up to 800 °C. The proton conductivity improved with
increasing x and NaMg gLip,Ho,(POs);yH,O exhibited a high
proton conductivity of over 10 > S cm ™" in the temperature range
of 150-500 °C, and the value reached 2.4 x 107> S cm ™! at 225 °C
under a non-humidified atmosphere. The proton conductivity of
NaMg), sLip ,Ho »(PO3)s-yH,O depends on the amount of crystalline
water. Under a humidified atmosphere (py o = 4 kPa), NaMgy s
Lig 2Ho 5(PO3)3-YH,O exhibited a conductivity of over 107> S cm™*
from room temperature to 500 °C and reached 2.6 x 10" >Scm™ ' at
225 °C. After keeping the dehydrated sample in the humidified
atmosphere at room temperature for 2 h, NaMg, gLip ,Ho »(PO3)s:
YH,0 showed a proton conductivity of over 107> S cm ™" again in
the intermediate temperature range.
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