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Two open-framework zinc phosphates [C3NoH1ol[ZN(HPOL),l (1) and [CgN4Holo5[Zn(HPO,L),l (2) were
synthesized via hydrothermal reaction and characterized by powder X-ray diffraction, thermogravimetric
analysis and scanning electron microscopy. Both compounds have a similar crystal structure and
macroscopic morphology. However, the difference in equilibrium cations, in which the propylene diamine is
for 1 and the triethylenetetramine is for 2, results in a significant distinction in the dense hydrogen grid. The
diprotonated propylene diamine molecule in 1 is more favorable for forming a hydrogen-bond network in
three dimensions than in 2, in which the twisted triethylenetetramine forms a hydrogen bond grid with the
inorganic framework only in two dimensions owing to its large steric effect. This distinction further leads to
a disparity in the proton conductivity of both compounds. The proton conductivity of 1 can reach 1.00 x
10~* S cm~ under ambient conditions (303 K and 75% RH) and then increase to 1.11 x 1072 S cm™* at 333 K
and 99% RH, which is the highest value among the open-framework metal phosphate proton conductors
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1. Introduction

Crystallized porous materials, such as coordination polymers,
metal-organic frameworks (MOFs) and covalent-organic
frameworks (COFs), which are considered to be new candidates
for proton conduction materials because of their high surface
area, tunable pore surface and designable framework, have
been attracting considerable attention owing to their potential
applications in electrochemical devices, such as fuel cells,*”
sensing devices®® and super capacitors.

Open-framework metal phosphates, composed of the
anionic inorganic phosphate framework, which is formed by
the metal ion and PO,’”, HPO,>", H,PO,~ or their complex
substance, and organic amines or ammonium cations, are
distinctive crystallize porous materials. They have similar
designable structures to MOFs but have better thermal and
aqueous stability owing to their robust inorganic units.
Importantly, compared with MOFs, balanced organic amine
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smaller than 1 at 303 K and 75% RH and two orders smaller than 1 at 333 K and 99% RH.

cations (for example NH,", enH,>", C;N,H;,>" and Him") and
the hydrophilic groups PO,H/PO,H, can directly provide an
effective proton for proton transport. Moreover, the crystallinity
of metal phosphates allows for the precise identification of their
structural features to provide useful insights into proton-
conduction pathways and mechanisms. Interestingly, most re-
ported open-framework metal phosphates exhibit high proton
conductivity. Yu reported JU103 (ref. 10) and JU102 (ref. 11) with
the values of 3.59 x 107% S em " (20 °C, 98% RH) and 1.19 x
10~*Sem ™" (55 °C and 98% RH), respectively; Ren reported that
compound (C,N,H;)o sCoPO, reached 2.05 x 10 > Scem ™" (56 ©
C, 98% RH)."” Our group has also carried out several studies on
the preparation of highly conductive metal phosphates, such as
(C2H1oN,)[Mn,(HPO,);](H,0) reached 1.64 x 10> S cm™* at
298 K and 99% RH," (C,H;,N,)[Mn,(PO,),]-2H,0 reached 0.22
x 100" S em™' at 303 K and 99% RH (ref. 14) and
(NH3(CH,)3NH;3),[Fe (OH)3(HPO,),(PO,)s] 4H,0" reached 0.8
x 107% S em™! at 317 K and 99% RH.

However, owing to the required balance of positive and
negative charges in open-framework metal phosphate, its
structural framework is fixed, which leads to its difficulty in
increasing the proton conductivity by further modifying its
structure using effective strategies, such as MOFs."*** For
example (1) inclusion of functional guest molecules into the
cavity of MOFs, such as acid molecules, imidazoles, and
triazoles;*' (2) use of organic linkers bearing hydrophilic
groups (including -COOH, -OH, -SO;H, and -PO3;H,)**™® as
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structural building units. Therefore, the most ways to improve
the proton conductivity of open-framework metal phosphate are
by optimizing the conductive environment at present, for
example, increasing the temperature and relative humidity and
changing the water to an ammonia environment. Compared to
the regulation of the material's structure, these changes in the
external environment are not the fundamental and optimal way
to improve proton conductivity. Therefore, to increase the
proton conductivity of open-framework metal phosphate, the
reasonable design of its original structure based on a thorough
understanding of its proton transport mechanism is particu-
larly important and critical. However, research in this area is
still very poorly explored.

Moreover, open-framework metal phosphates or other crys-
tallize porous materials generally exhibit excellent conductive
behavior when high temperatures and high humidity coexist.
However, it is also very important for proton-conducting
materials to exhibit high proton conductivity in the medium-
low temperature and humidity regions to maintain high
conductivity over a wide temperature and humidity range, while
research on high-proton conductive materials under relatively
medium-low temperature and low humidity is still relatively
lacl(ing.28,35,39742

Herein, to further understand the proton conduction
mechanism of open-framework metal phosphates and to
prepare materials that can exhibit high conductivity even at
medium-low temperature and low humidity, we synthesized
two metal phosphate compounds [C3N,H;,][Zn(HPO,),] (1)
and [CeN,H,,]0.5[Zn(HPO,),] (2) with similar crystal struc-
tures, both showing 1D ladder-like chain structure of the
inorganic skeleton and the organic cations interspersed in the
inorganic chains. The results demonstrate that the effective
hydrogen bond grid plays a key role in proton transport. For 2,
the twisted structure of the large organic cationic triethyle-
netetramine resulted in the formation of hydrogen bond
fragments only in the two-dimensional plane owing to its
large steric hindrance, whereas 1 formed dense hydrogen
bond interactions in the three-dimensional space. As antici-
pated, the value of proton conductivity for 1 reached 1.00 x
10> S em ™' at low 75% RH and 303 K and then achieved
1072 S cm ' at 99% RH and 333 K, compared to the Nafion
membrane; while for 2, only 1.04 x 1077 S ecm ™! at low 75%
RH and 298 K. To the best of our knowledge, 1 serves as the
highest proton conductivity at low humidity in porous phos-
phate compounds. This encouraging result offers more
opportunities for real-world conductive materials in fuel cells.
It gives us more confidence to further investigate the rela-
tionship between proton conductivity and hydrogen bond
network and organic amine cations to find a class of metal
phosphate compounds that exhibit high electrical conduc-
tivity at low humidity.

2. Experimental section
2.1 Chemicals and reagents

All reagents and chemicals were purchased from commercial
sources and used without further purification. Compounds 1
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and 2 were synthesized according to the method reported in the
literature.**** The detailed preparation process is as follows.

2.2 Synthesis of [C3N,H;,]|[Zn(HPO,),] (1)

0.5480 g Zn(ac),-2H,0 was dispersed in 4.5 mL H,0, 0.22 mL
hydrochloric acid (35%) and 0.81 mL phosphoric acid (aq,
85 wt%). 1.26 mL of DAP was dropwise added to the mixture,
which was homogenized for 30 min. The mixture solution was
transferred and sealed in a 25 mL Parr Teflon lined stainless
steel autoclave and heated at 438 K for 24 hours. The white plate
crystals of 1 were obtained.

2.3 Synthesis of [CsN,Hy,]o.5[Zn(HPO,),] (2)

0.3255 g zinc oxide was dispersed in 7.2 mL H,0O, 0.7 mL
hydrochloric acid (35%) and 2.6978 g phosphoric acid (aq,
85 wt%). 1.19 mL of TETA was dropwise added to the mixture,
which was homogenized for 30 min. The mixture solution was
transferred and sealed in a 25 mL Parr Teflon lined stainless
steel autoclave and heated at 353 K for 50 hours. The white plate
crystals of 2 were obtained.

2.4 Material characterizations

Powder X-ray diffraction (PXRD) data were collected using
a Bruker D8 diffractometer with Cu Ko radiation (A = 1.5418 A)
in the degree range of 5-50° (298 K). TGA experiments were
performed using a STA449 F3 thermogravimetric analyzer in the
temperature range of 298-1073 K (25-800 °C) at a warming rate
of 10 °C min~" under a nitrogen atmosphere, and the poly-
crystalline samples were placed in an Al,O; crucible. The
morphologies of the sample were observed using a Hitachi
SU8010 scanning electron microscope (SEM).

2.5 Conductivity measurements

The hydrated proton conductivities of the compound pellets
and composite membranes were measured using a CHI 660D
electrochemical workstation and a conventional three-electrode
method. The ac frequencies ranged from 10> to 10° Hz with
5 mV signal amplitude. The powdered polycrystalline pellets
(with 0.7 mm thickness and 1.33 cm?” area) prepared under
10 MPa pressure were sandwiched by two copper electrodes
used for proton conductivity measurement. The conductivity (o)
of the sample was calculated using the following equation: ¢ =
L/RS, where L and S represent the thickness and cross-sectional
area of the sample, respectively, and R represents the resistance
value obtained from the impedance spectra.

3. Results and discussion

The crystal structures of compounds 1 and 2 were first
described, and then some differences between their structures
were analyzed in detail to gain insight into conductive behavior.
Compound 1 crystallized in the orthorhombic space group
P2,2,2,. Its asymmetric unit contains one Zn>" ion (labeled
Zn(1)), two crystallographically independent HPO,>” ions
(labeled P(1) and P(2)), and one protonated diction of 1,3-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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diaminopropane. As shown in Fig. 1, the Zn** showed tetrahe-
dral coordination by four oxygen atoms, which all come from
HPO,>” ions. The ZnO4 and HP(2)O, were connected into four-
membered rings, and then these four-membered rings were
arranged around the a axis, forming a ladder-like chain.
Moreover, the HP(1)O, tetrahedra are grafted onto the one-
dimensional chain, which acts as a pendant. The action
amine molecule, diprotonated DAP molecule, sits in the middle
of these channels and interacts with the framework through
hydrogen bonds.

Compound 2 crystallized in the monoclinic space group P2,/
¢; its asymmetric unit is similar to that of 1, which also contains
one Zn”" ion, two crystallographically independent HPO,> ions
and one quadruply protonated triethylenetetramine. As shown
in Fig. 2, the Zn>" ions of compound 2 have similar coordination
structures to 1, and then the ZnO, and HP(2)O, tetrahedra were
also connected into a one-dimensional ladder-like chain, in
which the quadruply triethylenetetramine molecule sits in the
middle of these channels and interacts with the framework
through hydrogen bonds.

Obviously, both compounds have a similar asymmetric unit
and stacking structure. However, there is a great difference in
the dense hydrogen bonds between the two compounds. As

P2
Zn1 ’
o1
il P2
P1 t
[

(a)

Fig.1
packed along the chains.

(2)

Fig. 2
packed along the chains.
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shown in Fig. 3(a), the nitrogen atom of the DAP with the oxygen
of the phosphate has intense O---N distances for compound 1,
such as dog..n1 = 2.965 A, dog..n1 = 2.938 A, dos...nn = 2.818 A,
dos..xo = 2.853 A, doy..np = 2.881 A, and doy..np = 2.966 A.
These close distances extend in three dimensions, resulting in
a dense hydrogen grid between the inorganic framework and
the organic cations. Fig. 3(b) shows that the nitrogen atom of
the triethylenetetramine with the oxygen of the phosphate has
closer O---N distances, such as dog..n1 = 2.891 A, dos..n1 =
2.645 A, dos...n2 = 2.681 A, and dog.. n» = 2.688 A. Unfortunately,
the twisted triethylenetetramine formed a hydrogen bond grid
with the inorganic framework only in the ac plane owing to its
large steric effect.

The experiment PXRD and FTIR of 1 and 2 are shown in Fig.
4 and S3,t respectively. The PXRD curves are consistent with
those of the simulations, indicating that they have high purity
(Fig. 4). Scanning electron microscopy (SEM) characterized the
morphology of the obtained samples (Fig. 5) and demonstrated
that the two compounds show a regular rod-like structure with
similar diameter and length, which further indicates that they
not only have a similar crystal structure but also have the same
macroscopic morphology. As shown in Fig. S2,T the TG curves of
compounds 1 and 2 showed similar one-step decomposition

(b)

(@) The asymmetric unit of 1 and (b) polyhedral view of 1 along the [100] axis showing a one-dimensional chain. The amine molecules are

(b)

(a) The asymmetric unit of 2 and (b) polyhedral view of 2 along the [100] axis showing a one-dimensional chain. The amine molecules are

RSC Adv, 2023, 13, 12703-12711 | 12705
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(b)

Fig. 4 PXRD patterns of (a) 1 and (b) 2 for the simulated and synthesized compounds.

thermogravimetric behavior. They started weight loss at 500 K
and 527 K for 1 and 2, respectively, which corresponded to the
decomposition of charge-compensating cations occupied
within the inorganic chains. The mass loss (ca. 29.5% and
29.3%) is also close to the calculated value (29.6%). The TG
results demonstrated that 1 and 2 were thermally stable below
ca. 500 K.

The conducting performance of the samples was first
measured at a fixed temperature of 303 K with a humidity range
of 75-99% RH using ac impedance spectroscopy. The unregular

12706 | RSC Adv, 2023, 13, 12703-1271

arc in the high frequency was observed corresponding to the
boundary resistance and a spike in the low-frequency range
related to the electrode contribution, respectively. As shown in
Fig. S4,1 both 1 and 2 have strong humidity-dependent proton
conductivity; specifically, proton conductivity increases with
humidity. Of the two compounds, compound 1 exhibited higher
proton conductivity at low humidity. Its proton conductivity
reached 1.00 x 107* S em™" at 75% RH, which is higher than
almost all reported open-framework metal phosphates, such as
[HIm],[Zn;(HPO;),*®* (2.2 x 107* S em™*, 77% RH and 298 K),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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WD= 92mm  Signal A= SE2 Mag= 500KX

EHT= 7.00 kV

EHT= 7.00 kV WD= 9.1mm  Signal A= SE2 Mag= 500KX

(a)

Fig. 5 SEM images of (a) compound 1 and (b) compound 2.

which is also superior to most other types of crystallize porous
materials, such as (Me,NH,),(H;0)[GdL,]-8H,0* (2.35 X
107" S em™, 60% RH and 298 K) and {RzN(CH,CO,H)}
[MCr(0x)3]-nH,0* (8 x 107> Sem ™", 60% RH and 298 K). Then,
the values increased to 2.54 x 10> S cm ™' at 85% RH and
achieved a maximum value of 8.33 x 10° S cm " at 99% RH.

However, for 2, its proton conductivity is only 1.04 X
1077 S cm™ ' at 75% RH and then reaches 2.87 x 10 ®*Scm ™" at
85% RH and 1.96 x 10~ * S em™" at 99% RH. In contrast, the
proton conductivity of 2 is far less than that of 1 under the same
conditions, but the gap narrowed with increasing humidity,
which is four orders of magnitude difference at 75% RH and two
orders of magnitude difference, while the proton conductivity
increases to 99% RH. This indicates that the effective hydrogen
bonding network between the proton-hoping sites (-HPO,) and
DAP for 1 is favorable for proton conduction under a low
humidity environment by analyzing the structure of both
compounds. The increasing proton conductivity with humidity
of 1 and 2 shows that water molecules also play a role in proton
conduction, which promotes effective proton transport because
water molecules form proton carriers in the form of H,0-H;0"
for proton hopping.

To gain insight into the influence of the structure of the
compounds on proton conduction, we measured the water
sorption isotherms of 1 and 2 at 298 K. The results show that the
amount of water sorption for 1 is considerably higher than that
for 2, as shown in Fig. 6. This further indicates that a dense
hydrogen bond grid in the chain is essential for the high
conductivity of the compound.

Given the high proton conductivity of compound 1 at low
RH, we further explored the variation in its proton conductivity
with temperature under the same low RH condition. The
temperature dependence of compound 1 was tested at fixed
humidity of 75% RH, and the resultant curves in Fig. S5 show
that the proton conductivity increased as the temperature
increased. The values showed 1.00 x 1073 S em™, 1.32 x
103Sem ™%, 1.64 x 10> Sem ™' and 1.97 x 107° Sem ™! at 303
K, 313 K, 323 K and 333 K, respectively. This indicates that

© 2023 The Author(s). Published by the Royal Society of Chemistry

(b)

compound 1 can exhibit high proton conductivity in a wide
range of medium-low temperatures, and the extent of conduc-
tivity change is not large, which is conducive for stable proton
transport in its practical application. Furthermore, we
measured the temperature dependence of proton conductivity
at 85% RH and 99% RH (Fig. 7 and S5t). At 85% RH, the values
showed 2.54 x 10> S em™ %, 2.99 x 10> S em %, 3.21 X
10°Sem ™t and 3.43 x 103 Sem™ at 303 K, 313 K, 323 K and
333 K, respectively; then, at 99% RH, the conductivity increased
from 6.99 x 107 *Scm ™" t0 9.66 x 107> S cm ™" and reached the
highest value of 1.11 x 107> S cm™ " at 333 K. This remarkable
proton conduction of 1 (1.11 x 10> S cm™") is comparable to
Nafion as well as several of the highest performing metal
phosphate materials under the same conditions.

Similarly, it can also be clearly observed that the temperature
dependence on the proton conductivity of compound 2 is
proportional to the increasing temperature. The conductivity
increased from 1.74 x 10°* S ecm ' (298 K) to 2.82 x
10~* S em ! (313 K) and reached 4.60 x 10°* S em™* at 333 K
and 99% RH. Undoubtedly, the value of 2 at any temperature
point is lower than 1.

— —
[e<] o N
1 1 N

Va/em®(STP)g™
(2]

4-

24

0 ) ) L} L} L)

0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 6 Water-adsorption/desorption isotherm of 1 and 2 at 298 K.
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Fig. 7 Temperature-dependent of Nyquist plots of (a) compound 1 and (b) compound 2 at 99% RH.

To investigate the proton transfer mechanism, the activation
energy (E,) of 1 and 2 were obtained from the Arrhenius equa-
tion in the temperature range of 293-333 K:

E,
T 1)

In(¢T)=In 4 —

It can be induced that the activation energy is 0.24 eV (75%
RH), 0.15 eV (85% RH) and 0.14 eV (99% RH) for 1, demon-
strating that 1 followed the Grothuss mechanism (Fig. 8 and
S67). The activation energy of 2 is 0.23 eV at 99% RH, indicating
that the proton transfer mechanism of 2 also belongs to the
Grothuss mechanism at this conduction. The calculated acti-
vation energy, together with the structural difference between
both compounds, is helpful in obtaining insight into the proton
pathways. For 1, the three-dimensional hydrogen bond network
can absorb more water molecules to construct intense hydrogen
bond networks in the chains for proton hopping, resulting in
a lower E, and Grotthuss mechanism in proton conduction.
However, at high RH, 2 can also absorb more water molecules
into the inter-chain spaces; therefore, 2 preferred to form effi-
cient proton-hopping pathways rather than the migration of the
cations owing to its large hindrance, resulting in the Grotthuss
mechanism.

0.010- e
0.008- i
< 0.006{ "
,E, 1 Compound 1
» T —«— Compound 2
b
e
0.000 +——— . y .
290 300 310 320 330
T/K

These results demonstrate that the intense hydrogen bond
networks play an important role in the proton conducting of
open-framework metal phosphates and that the appropriate
size of the organic amine cations helps to form denser hydrogen
bonds. For example, the diprotonated DAP molecules in 1 are
more favorable for forming a dense hydrogen-bond network in
three dimensions than in compound 2, in which the twisted
triethylenetetramine formed a hydrogen bond grid with the
inorganic framework only in two dimensions owing to its large
steric effect. Compared with the previously prepared 1D
compound (C4H;,N,); 5[Fe,(OH)(H,PO,)(HPO,),(PO,4)]-H,O (3),
its larger size piperazine leads to the formation of weaker
hydrogen bonds, which also makes the proton conductivity of 3
(2.61 x 107* S cm™* at 99% RH and 293 K) lower than 2.

Moreover, in addition to organic equilibrium cations, we pay
attention to the important role of inorganic frameworks in the
construction of hydrogen bond grids of open-framework metal
phosphates. For example, the two previously prepared 2D open-
framework metal phosphates (C,H;,N,)[Mn,(HPO,);(H,0)] (4)
and (CyH;oN,)[Mn,(PO,),]-2H,O (5) have the same organic
equilibrium cations but various inorganic frameworks. The
more hydrogen bonding sites of the inorganic framework in 4
resulted in proton conductivity (1.65 x 10~ S cm ™), which was

[ ] ] °
[ ]
14 I "
[ ]
= [ ]
-
s =z | Compound 2
£ -2 : « Compound 1
-3 -
30 31 32 33 34
1000/T

Fig. 8 The corresponding conductivity in the form of (a) ¢ vs. T and (b) In(e7) vs. 1000/T at 99% RH for 1 and 2.
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much higher than 5 (1.14 x 107> S ecm ') under the same
conditions (293 K and 99% RH). Therefore, the design of an
inorganic framework with abundant hydrogen bonding sites
and matching suitable small molecular equilibrium cations can
form dense hydrogen bonds, which is helpful for obtaining
highly conductive open-framework metal phosphates. Further
studies to design and prepare open-framework metal phos-
phates with high proton conductivity based on the above two
aspects of analysis are in progress and will be reported in due
course.

4. Conclusion

In summary, we fabricated two 1D zinc phosphates [C;N,Hy,]
[Zn(HPO,),] (1) and [CeN4Hz,]o.s[Zn(HPO,),] (2) with similar
crystal structures. For 1, the pendant phosphoate groups of the
inorganic framework and the 1,3-diaminopropane formed an
intense hydrogen bond network for proton conducting, which
exhibited high proton conductivity of 1.00 x 107> S cm™" at
75% RH (303 K) and then up to 1.11 x 10 > S ecm™ ' at 99% RH
(333 K). For 2, the pendant phosphoate groups and the trie-
thylenetetramine formed only hydrogen bond fragments in the
planes owing to the larger steric hindrance of cations, which
gives the result that the values only reached 10™* S ecm ™" at 99%
RH. These detailed investigations demonstrate that the suitable
size of the organic cations in 1 is helpful for the formation of
efficient hydrogen bond grids and then provide efficient proton-
conductive pathways in a wide humidity range. This study
provides the promise of selecting appropriate organic amine for
constructing reasonable proton conducting pathways in metal
phosphates to improve conductivity. Our group will further
study the relationship between the structure of the compound
and proton conductivity.
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