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ABSTRACT: We describe the encapsulation of mobile
proton carriers into defect sites in nonporous coordination
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polymers (CPs). The proton carriers were encapsulated with s A\ OH i - €y
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and nonporous nature of the CP allowed its application as an

3
electrolyte in a fuel cell. The defects and mobile proton T/OH0$:/0HA ¢ |Coordination| @
carriers were investigated using solid-state NMR, XAFS, XRD, ? L § polymer §
and ICP-AES/EA. On the basis of these analyses, we =20l | 2= zn= - ©
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concluded that the defect sites provide space for mobile ‘
uncoordinated H;PO,, H,PO,”, and H,0. These mobile

carriers play a key role in expanding the proton-hopping path and promoting the mobility of protons in the coordination
framework, leading to high proton conductivity and fuel cell power generation.

B INTRODUCTION ligands® have received attention as solid-state proton
conductors because of their regular and designable pore
structures and thermal stability.” Mobile proton carriers such
as water,” amine,® and acid molecules’ contained in the pores
impart proton conductivity to PCPs and MOFs. Although
many reported proton conductive PCPs and MOFs show high
conductivity (above 107> S cm™"),”*>® there is no report on the
application of these materials as solid electrolytes for fuel cell
devices. This is because of the drawbacks inherent to these
materials, including the leaching of proton carriers from the
pores and the fuel crossover problems due to their inherent
porosity.” The former problem makes it difficult to maintain
high proton conductivity of membrane electrode assemblies

The design of fast proton conductive solids for use at high
temperature (100—200 °C) is of interest to materials chemistry
from the viewpoint of fuel cell technology.' A powerful method
to obtain high proton conductivity is to incorporate fast mobile
proton carriers, which act as proton acceptor and donor sites,
into proton conductive solids. For example, water in
perfluorosulfonic acid polymers (e.g, Nafion) significantly
promote proton conduction. However, such proton carriers
migrate from the polymer chains at temperatures above 100 °C,
resulting in low proton conduction.” Therefore, the develop-
ment of proton conductive solids that strongly encapsulate
proton carriers with high mobility is a challenge that requires
addressing.”
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Figure 1. (a) Crystal structure of [Zn(H,PO,),(C,N;H;),], (1s) along the ¢ axis at 290 K. H,PO,” groups are not shown to highlight the 2-D
coordination framework. The hydrogen bonding (H-bonding) network of 1s viewed from the (b) a and (c) b axis. H-bonds between adjacent
H,PO,” ions, and between H,PO,” ions and HTz molecules, are shown as green and blue dotted lines, respectively. [Color coding: purple: Zn,

yellow: P, red: O, blue: N, black: C, and light pink: H.].

(MEAs), which are a key architecture for fuel cell, and the latter
problem causes a reduction in the electromotive force of the
fuel cell. To overcome these problems and to apply these
metal—organic hybrid materials to fuel cell devices, we have
focused on the defects in nonporous coordination polymers
(CPs) and present a strategy to both strongly encapsulate
proton carriers with high mobility and avoid fuel crossover.
Introduction of defects has recently been developed for PCPs/
MOFs to modulate functions such as gas adsorption,” catalytic
activity,'' and proton conductivity;'© however, defects in
nonporous CPs have been less studied.

In this work, we propose a concept to make use of the defect
sites in CP crystals for doping of proton carriers. The trapped
carriers are maintained in the structure up to its decomposition
temperature (ca. 180 °C). Consequently, we observed fast
anhydrous proton conduction and successfully performed first
demonstration of power generation using a fuel cell with the
CP as the electrolyte.

B RESULTS AND DISCUSSION

We employed a two-dimensional CP [Zn-
(H,PO,),(C,N3H;),], (1)," which shows proton conduction
under anhydrous conditions at 150 °C. Our previous study
showed that protons mainly transport between the mono-
dentate H,PO,” ions. To enhance the conductivity by
incorporating proton carriers, more detailed information
regarding proton conduction, including the location of the
protons and the hopping pathway, is required. We first
prepared a large single crystal of 1 (1s, 2.0 X 2.0 X 04
mm®) and analyzed the location of protons by single crystal
neutron diffraction measurement at 290 K. 1s is constructed
from stacked two-dimensional (2-D) sheets comprising Zn*,
1,2,4-triazole (HTz), and H,PO,”, i.e., [Zn-
(H,PO,),(C,N;H;),], (Figure 1a). Two hydrogen atoms are
present on the monodentate H,PO,”, and three hydrogen
atoms are present on the bidentate HTz. Protons H10 and H14
are connected to the proton donor sites O8 and O6 and point
to the proton acceptor oxygen O7 of the inter- and intralayer
H,PO,” ions. These distances are 1.01 A (O8—HI10), 1.55 A
(H10—07), 1.01 A (06—H14), and 1.56 A (H14—07) (Figure
1b and 1c). These values are similar to those in other well-
known proton conductors.'* The distance H11—O7 between
the HTz moiety and H,PO,” is 2.52 A. Recent DFT
calculations indicated that the typical intermolecular NH—O
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distance capable of proton transport is ca. 1.3—1.7 A."* The
HT?z protons do not contribute to proton hopping in the 2-D
coordination frameworks. Our previous study suggested the
reorientation of H,PO,” using “H solid-state NMR. H10 and
H14 diffuse through 2-D proton transport pathways comprising
rotative H,PO,™ ions along the ab plane.

Synthesis of CPs with Proton Carriers Embedded in
the Defects. Neutron diffraction analysis confirms that only
monodentate H,PO,” plays a role in proton hopping. In
general, the key strategies for enhancing conductivity are
expanding the proton hopping pathway, increasing the
concentration of protons, and improving the mobility of
protons by doping with proton carriers.”” We addressed the
introduction of defects to the monodentate H,PO,” network
and the embedding of uncoordinated H;PO,, which has
rotational and translational mobility. We reacted ZnO (2.0
mmol), HTz (4.0 mmol), and excess phosphoric acid solution
in water by a liquid-assisted mechanochemical method. The
amounts of the HyPO, reacted were 4.0 (2, stoichiometric
ratio), 4.4 (3), 4.8 (4), and 5.2 mmol (5). The solvent used for
the assist was different from that used for 1 (ethanol) in our
previous work'® used to introduce monodentate H,PO,~
defects.

We elucidated the ratio of elements using inductively
coupled plasma atomic emission spectroscopy (ICP-AES) for
Zn and P, and elemental analyses (EA) for C and N. The
combination of ICP-AES and EA indicates a ratio of
1:1.6:4.1:5.8 (Zn:P:C:N) for 2 (Table 1). Compared to the
ratio of defect free model, the ratio of P decreases from 2 to 1.6,
whereas the ratios of C and N are similar to those of defect free
model. This indicates the defect of monodentate H,PO,”
coordinated to Zn>'. In the case of §, the ratio of P is close
to that of defect-free model, as are the ratios of C and N. This is
due to the presence of uncoordinated H;PO, in the defects of

Table 1. Elemental Analyses Using a Combination of ICP-
AES and EA”

compound Zn P C N
defect-free model 1 2 4 6
2 1 1.6 4.1 5.8
S 1 1.8 4.0 5.6

“ICP-AES elucidated the ratios of Zn and P, and EA elucidated the
ratios of C and N.
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the monodentate H,PO,” framework (Figure 2). We also
confirmed the ratio of Zn and P of single crystal sample (1s)
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Figure 2. Proposed structural model of 5. OH™ is coordinated to Zn
instead of monodentate H,PO,”, whereas the uncoordinated H;PO,
occupies the space where the monodentate H,PO,~ existed.

using ICP-AES. The ICP-AES indicates a ratio of 1:2.1 (Zn:P)
for 1s, suggesting few inherent defects of Zn** in the crystal.
This result supports the defect of the powder compounds and
the quantitative analysis of the defects. The results of X-ray
diffraction (XRD), X-ray absorption fine structure (XAFS), and
solid-state NMR measurement also support this model.

To confirm the crystal structures, we performed powder
XRD measurements. The patterns show no extra peaks
attributed to ZnO and HTz. All peak positions are similar to
those of the original material 1, indicating that its crystal
structure is maintained (Figure 3a). However, the pattern of 2
shows a small additional peak at 10.5° (Figure 3b). This
suggests that the part of the crystal structure around the defects
changes slightly. In addition, the intensities of some peaks
related to the coordination 2D sheets of [Zn—HTz]** gradually
increase with increasing ratio of reacted H;PO, (Figure S2,
Supporting Information). For example, the peak at 22.9°
indicating the [004] plane gradually increases (Figure 3c). This
would suggest improvement of crystallinity upon embedding
H;PO, into the defects. To confirm the thermal stability of the
crystal structure, we performed variable temperature powder
XRD measurements of compound 5. The XRD patterns in 30—
150 °C did not change, suggesting that the crystal structure of §
was intact up to 150 °C even though the structure has defective
sites.

To confirm the homogeneous distribution of H;PO, in the
particles, we performed scanning electron microscope energy-
dispersive X-ray spectroscopy on cross-sections of particles of §
(Figure S1, Supporting Information). EDX element mappings
for Zn and P show homogeneous distributions of the elements,
confirming the homogeneous distribution of H;PO, in the
particle. Thermogravimetric analysis (TGA) profiles indicate
thermal stability up to ca. 180 °C, which is similar to the
decomposition temperature of the original 1 (Figure SS,
Supporting Information). The embedded H;PO, is maintained
in the 2-D coordination frameworks up to the decomposition
temperature.

Proton Conductivity. The proton conductivities were
obtained by AC impedance measurement under dry N, flow.
Figure 4 shows Arrhenius plots for the proton conductivities of
2—S5 from 30 °C to 150 °C under anhydrous conditions. The
proton conductivities increase over the whole temperature
range with increasing ratio of reacted H;PO,. Activation
energies are 0.85, 0.57, 0.52, and 0.53 eV for 2, 3, 4, and S,
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Figure 3. (a) XRD patterns: Calculated (light blue), 2 (black), 3 (red),
4 (blue), and S (green). The XRD patterns in the range of (b) 5—15°
and (c) 21—25°. The calculation pattern is omitted in (c).
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Figure 4. Arrhenius plot of conductivities of 2 (black circle), 3 (red
circle), 4 (blue circle), and S (green circle) under dry N, flow.

respectively. Embedding H;PO, significantly decreases the
activation energy, while the effect is saturated in 4 and S. At 30
°C, the conductivity of 5 is enhanced to 0.02 mS cm™". The
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proton conductivity of 5 reaches 4.6 mS cm™ at 150 °C, which
is ca. 10000 times higher than that of 2. The conductivity is
among the highest reported for proton conductors, including
PCPs and MOFs,* acid-doped polymers,” and solid acids,™” at
intermediate temperatures (100—200 °C) under anhydrous
conditions. We also obtained time-dependence data for the
conductivity at 150 °C to confirm the thermal stability of the
conductivity. The observed conductivity is consistent for more
than 900 min (Figure S6, Supporting Information). This high
stability is due to robust encapsulation of H;PO, into the
defects.

H,/O, Coordination Polymer Fuel Cell. The obtained
proton conductivity is close to acceptable values (>ca. 10 mS)
for use as a fuel cell electrolyte.”” We prepared a H,/O, fuel cell
comprising S as an electrolyte and measured the current—
voltage and current-power curve at 120 °C. The maximum
open circuit voltage (OCV) is 0.88 V and is maintained for 1 h
(Figure Sa), indicating little gas crossover and unfavorable
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Figure S. (a) Open circuit voltage in a H,/O, fuel cell at 120 °C under
anhydrous conditions. (b) Performance of H,/O, fuel cell with § as
the electrolyte at a relative humidity of 26% and 120 °C. Black and
blue lines represent current—voltage and current—power, respectively.

chemical reactions. Compared to conventional porous crystal-
line solids, such as PCPs and MOFs, nonporous CPs are
suitable materials for fuel cell electrolytes in terms of the gas
crossover problem. Although the OCV value is slightly lower
than the theoretical maximum of 1.16 V, it is comparable to
that of conventional polymer electrolyte fuel cells.'®'! The
maximum power density is 2.8 mW cm™> This is the first
demonstration of power generation by a fuel cell with CPs/
MOFs as the electrolyte. Compared to similar materials, the
power density is higher than that of recently reported
supramolecular metallogel proton conductors.'” Although the
obtained power density is lower than that of well-known fuel
cells, including oxoacid- and phosphoric acid-doped poly-
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mers,"! the power density could be improved by optimization
of the electrode contact with the CP electrolyte, the thickness
of the electrolyte, and the interface between the electrolyte and
the electrode.

Observation of the Defects and the Mobile Proton
Carriers. The embedded H;PO, in the coordination polymers
improves proton conductivity and allows the material to be
applied in fuel cells. To monitor the local coordination
environment of Zn*', we performed XAFS for 2 and . Figure
6 shows the radial distribution functions (RDFs) derived from
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0.0
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Figure 6. RDFs from Zn K-edge EXAFS spectra of 2 (black) and §
(green) at room temperature.

extended X-ray absorption fin structure (EXAFS). In both
patterns, a peak at 1.6 A assigned to the first coordination
sphere (Zn—0O or Zn—N) appears.'® The shape of the RDF for
2 is almost coincident with that of 5. This indicates that no
clear change in the first coordination structure is caused by
excess phosphoric acid. XAFS analysis suggests that the Zn>*
first coordination sphere of 2 and § is Zn—O or Zn—N,
whereas the combination of ICP-AES and EA indicates the
defects in the monodentate H,PO,” framework in 2. On the
basis of the synthetic scheme, XRD, XAFS, ICP-AES, and EA,
we assume that OH™ is coordinated to Zn?* instead of H,PO,".
The above analyses fully support the proposed structural model
(Figure 2).

To confirm the structural model, we investigated the
structural defects in the monodentate H,PO,™ framework and
the existence of uncoordinated H;PO, using *'P solid-state
magic angle spinning NMR with and without cross-polarization
between 'H and 3P (CP-MAS NMR and MAS NMR). The
CP-MAS NMR spectra reflect only the phosphorus of the
framework and filter out NMR signals attributed to liquid-like
highly mobile phosphorus. All the spectra show peaks at —3.2
and —S.7 ppm (Figure 7a). The existence of two peaks
indicates that two types of monodentate H,PO,” exist in the
framework; however, there is only one form of phosphorus
present in the crystal structure, i.e., that attributed to
monodentate H,PO,”. The *P—*P double quantum/single
quantum (DQ/SQ) correlation spectrum, as shown in Figure
7¢, shows distance correlation peaks between the two different
peaks, suggesting both forms of H,PO,™ are located within 1
nm of each other and are distributed homogeneously in the
crystal structure. Thus, the peak at —3.2 ppm may be assigned
to the phosphorus of H,PO,™ near the coordinated OH™. Thus,
the two different peaks indicate the presence of defects in the
monodentate H,PO,” framework.

The *'P MAS NMR spectra for 4 and 5 show an additional
large peak at 0.0 ppm and a small peak at —11.4 ppm (Figure
7b). A recent *'P MAS NMR study revealed that the *'P NMR

DOI: 10.1021/jacs.6b03625
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Figure 7. (a) *'P CP-MAS NMR and (b) MAS NMR spectra for 2, 3,
4, and § at room temperature. (c) DQ/SQ_spectrum of 2 at room
temperature. The red line connects the two correlation peaks
highlighted in yellow.

spectrum of polybenzimidazole doped with phosphoric acid
shows peaks at 0.5 and —12 ppm assigned to doped H;PO, and
H,PO,", respectively.'” This suggests that the peaks at 0.0 and
—11.4 ppm can be assigned to uncoordinated H;PO, and
H,PO,”, respectively. The two peaks only appear in the MAS
NMR spectra, which suggests that the coordination polymers
contain both mobile uncoordinated H;PO, and H,PO,”. The
anionic uncoordinated H,PO," acts as a mobile proton donor
site, provides a new proton hopping path, and lowers the
activation energy. For the charge compensation for the
uncoordinated H,PO,”, a part of monodentate H,PO,” may
change HPO,*". 2 exhibits additional peaks at 4.0 and 6.5 ppm.
In a similar way to the XRD analysis, this indicates a slight
change in the structure of the crystal around the defects in 2.
Conversely, the intensities of the peaks at —3.2 and —5.7 ppm
do not change, which is similar to the spectra of the CP-MAS.
This indicates that the monodentate H,PO,” and the structural
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defects in the framework are similar, even when H;PO, is
embedded into the crystal.

Proton Dynamics. The dynamics of the protons directly
affect the proton conductivity. To study the effect of mobile
H;PO, and H,PO,” on the dynamics of the protons, we
performed ultrafast MAS 'H solid-state NMR measurement for
2 and §. Ultrafast MAS provides high-resolution 'H NMR
spectra of solid powder samples™ and is an established tool
used to reveal local structures and proton dynamics.”' In the
high-resolution '"H NMR spectra (Figure 8a and 8b), 2 shows
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Figure 8. 'H ultrafast MAS NMR spectra for (a) 2 (black line) and
(b) 5 (green line) at room temperature. '"H DQNMR spectra for (c) 2
(black line) and (d) S (green line) at room temperature.

clear peaks at 8.0, 8.7, 11.0, and 12.3 ppm. For the assignment
for these peaks, we carried out 'H—*'P double cross-
polarization (double CP), 'H—'*N heteronuclear multiple
quantum coherence (HMQC), and 2-D 'H-'H double
quantum filter (2-D DQNMR) measurement (Figures S8 and
S9, Supporting Information). These spectra indicate that the
peaks at 11.0 and 12.3 ppm are due to the two protons of
monodentate H,PO,” and one proton of HTz (N—H). The
other two peaks at 8.0 and 8.7 ppm are assigned to the
remaining two protons of HTz (C—H). Peaks assigned to
coordinated OH™ may overlap around 11 ppm. In the spectra
of 5, new peaks appear at 8.9 and 10.5 ppm.

For assignment, we performed 'H—'H double quantum
NMR (DQNMR), which highlights low mobility or static
protons.” Figure 8c and 8d shows the DQNMR spectra for 2
and § at room temperature. In the spectrum of §, the additional
peaks at 8.9 and 10.5 ppm in the MAS spectra of § disappear
and the spectra shape becomes similar to those of the MAS and
DQNMR spectra for 2. The *'P MAS studies indicate the
presence of uncoordinated mobile H;PO, and H,PO,". On the
basis of the P MAS NMR and 'H DQNMR, the additional
peaks at 8.9 and 10.5 ppm are assigned to the protons of mobile
uncoordinated H,0O, and H;PO, and H,PO,”, respectively.

DOI: 10.1021/jacs.6b03625
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We also measured the 'H spin—lattice relaxation time (T;)
for 2 and § to discern whether the mobile species utilize all the
protons in the H-bonds network. Table S1, Supporting
Information, shows the T,y values for 2 and §. All the T,y
values for § are smaller than those of 2. This indicates that the
mobile H;PO,, H,PO,”, and H,O create a new proton hopping
pathway, including the mobile carriers and HTz, and promote
the mobility of all protons from the monodentate H,PO,~ and
HTz. This is the main reason for the enhancement of proton
conductivity and decrease in activation energy.

B CONCLUSIONS

We presented a strategy to utilize defect sites in nonporous CP
crystal to encapsulate proton carriers. The mobile proton
carriers were maintained in the defects up to the decomposition
temperature of the CPs and promoted the mobility of all
protons in the CP, leading to stable high conductivity. In
addition to the high conductivity, the nonporous nature
provided a current—voltage curve without fuel crossover in
the fuel cell. This is the first demonstration of power generation
by a fuel cell in which CPs and MOFs were used as the
electrolyte. To our knowledge, there have been very few reports
of highly proton conductive crystalline solids that encapsulate
mobile proton carriers into the structural defects of their crystal
structures. Our strategy may be applied to other proton
conductive crystalline solids, such as MOFs, metalphosphates,
and oxoacids (e.g, CsHSO,). We believe that this work will
contribute to the development of proton conductive solids and
further the application of CPs and MOFs to fuel cells.
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