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ABSTRACT: The preparation of proton-conducting materials that are
functional and stable at intermediate temperatures (393—573 K) is a focal
point of fuel cell development. The purely inorganic material, HNd(IO;),,
which possesses a dense 3D framework structure, can reach a maximum of
4.6 X 107* S:em™ at 353 K and 95% relative humidity and exhibit a high
conductivity of 8.0 X 107> S-cm™ from 373 to 553 K under the flow of wet
N,. HNd(IO;), exhibits a variety of improvements including high thermal
stability, low solubility in water, and resistance to reducing atmosphere. The
proton conductivity in such a wide temperature range originates from the
intrinsic liberated protons in the structure and the resulting 1D hydrogen-
bonding network confirmed by bond valence sum calculation and solid-state
NMR analysis. Moreover, two different activation energies are observed in
different temperature regions (0.23 eV below 373 K and 0.026 eV from 373
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to 553 K), indicating that two types of proton motion are responsible for proton diffusion, as further domenstrated by
temperature-dependent open-circuit voltage hysteresis in a tested fuel cell assembly as well as variable-temperature and double

quantum filtered solid-state NMR measurements.

B INTRODUCTION

Proton exchange membrane fuel cells (PEMFCs) with an
embedded commercial Nafion (sulfonated fluoropolymer)
electrolyte show great promise in portable and stationary
applications."
tivity and fast ion transport are key components for advanced
development in fuel cells system. Although Nafion can reach a
high conductivity of 0.1 S cm™, the limitation on its operating
conditions is a clear disadvantage and significantly restricts its
wider applications. Typically, PMEFCs with a Nafion electro-
lyte show excellent performance below 80 °C and under a high
relative humidity of 98%; however, its conductivity drops
dramatically above that temperature because of dehydration.
Platinum catalysts that cause hydrogen dissociation are a
potential alternative under relatively low operation temper-
atures; however, these are largely cost prohibitive. Moreover,
facile CO poisoning of platinum catalysts is promoted at low
temperature when PMEFCs are equipped with methanol or
methane fuels.”
made to develop proton-conducting materials featured with
high proton conductivity and robustness that can operate in
low humidity or at intermediate temperatures (393—573 K) to

Proton-conducting materials with high conduc-

As a consequence, many attempts have been
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further increase the efficiency of fuel cells.” Among these, high
thermal stability phosphoric acid-doped polybenzimidazole
shows proton conductivity higher than the order of magnitude
of 1072 S cm™ with elevated temperature originated from
enhanced mobile carrier acid groups; however, cell performance
significantly deteriorated due to acid leaching in long-term
operation conditions.” Other proposed “superprotonic” solid
acids, i.e., water-soluble CsHSO, and CsH,PO,, also exhibit
remarkable electrochemical performance in the intermediate-
temperature region under a low humidity environment, but
both are facing long-term stability issues owing to chemical
reduction and dehydration, respectively.®

Recently, porous materials, especially crystalline materials
such as coordination polymers (CPs) or metal organic
frameworks (MOFs), have been intensively investigated in
separation,” catalysis,” guest delivering” originated
from their various architectures, porous properties, designable
structure, and tunable functionalities. Meanwhile, featuring
good thermal stability and tunable pore for accommodation of

. 8
sensing,

Received: August 7, 2015
Published: October 7, 2015

DOI: 10.1021/acs.inorgchem.5b01801
Inorg. Chem. 2015, 54, 10023—-10029


pubs.acs.org/IC
http://dx.doi.org/10.1021/acs.inorgchem.5b01801

Inorganic Chemistry

versatile guest molecules, CPs/MOFs have rapidly emerged as
new candidates for robust solid electrolytes in fuel cells."’
Although practical applications are limited at the current stage,
the emergence of crystalline proton conduction CPs/MOFs
sheds light on better understanding of the proton trans-
portation pathways and mechanisms at the molecular level.""
More importantly, desired structure design and optimization is
facile to achieve further enhancement of the performance.
Proton-conducting CPs/MOFs are generally classified based on
two different operating temperature regions. The majority of
materials are operated in water-mediated environment below
373 K,'> which is identical to other well-developed water-
dependent materials, such as Nafion, a-Zr(HPO,),-H,0,
heteropolyacids, and so on. Only a small portion of
investigations aimed to develop anhydrous proton-conducting
CPs/MOFs operated in dry/wet gas (H,, N,, and air) in the
range of 373—573 K,'® which have better practical significance.
Unlike those materials overwhelmingly depending on relative
humidity, anhydrous proton-conducting CPs/MOFs exhibit
high conductivity at a magnitude ranging from 10~° to 107> S
cm™, partially originated from (1) high diffusion of hzdrogen
ions through an intrinsic hydrogen-bond network,”**™ (2)
enhanced proton conductivity when protonated guest mole-
cules were loaded in void space of CPs/MOFs,"***' and (3)
fast proton transportation supervened with an inherent
dehydration process.'”

While most proton-conducting CPs/MOFs materials as well
as Nafion and other solid-state proton-conducting materials
were operated in water, few are done under an anhydrous
environment; even fewer works have investigated coordination
polymers operated in both regions.'” Herein, we prepared a
new coordination framework HNd(IO;), which merges the
structural stability and high proton conductivity in an extremely
wide operating temperature region. This crystalline compound
exhibits a high conductivity at a magnitude of 8 X 107° S cm™
in intermediate temperature from 373 to 553 Kin wet N, and a
moderate value of 4.57 X 107 S ecm™ at 353 K and 95%
relative humidity. Moreover, HNd(10;), shows excellent
resistance to reducing H, and CO atmosphere at the operating
temperature and water. This low-cost material is facile to be
synthesized, making it a promising proton-conducting material
that can further be fabricated into membrane electrode
assembly.

B EXPERIMENTAL SECTION

Caution! Although HNd(10;), is stable in a reducing atmosphere in this
work, it is noted that iodate salts are highly oxidative and explosive when
mixed with reducing agents. A safe procedure should be performed in the
experiment.

Synthesis of HNd(10;),. Nd,O; (33.6 mg, 0.1 mmol), HIO4
(1.0257 g, 4.5 mmol), and Millipore water (S0 uL) were loaded into a
10 mL autoclave. The autoclave was sealed and heated to 160 °C in a
box furnace for 3 days and cooled to room temperature at a rate of S
°C/h. The product was washed with water to remove excess iodic acid;
the pale pink prismatic crystals suitable for X-ray structural analysis
were collected. The diamagnetic analogue HLa(IO;), was prepared
using the same procedure. All reagents were used as received from
commercial suppliers without further purification.

Fabrication of Fuel Cell Assembly. The single fuel cells were
fabricated by using HNd(I0,), as electrolyte and a mixture of Pt—
C(20% Pt), HNd(IO;),, and naphthalene in a 3:2:1 weight ratio as
both anode and cathode electrodes. The trilayer structure was
copressed under a uniaxial pressure at 300 MPa. Then the prepared
cells were treated at 200 °C for 3 h to sublime naphthalene and obtain
porous electrodes for gas transportation.

X-ray Crystallography. Data collection was performed on a
Bruker D8-Venture diffractometer with a Turbo X-ray Source (Mo Ka
radiation, A = 0.71073 A) adopting the direct-drive rotating anode
technique and a CMOS detector at room temperature. The data
frames were collected using the program APEX2 and processed using
the program SAINT routine in APEX2. The structures were solved by
direct methods and refined by the full-matrix least-squares on F* using
the SHELXTL-97 program.'* All non-hydrogen atoms were refined
with anisotropic displacement parameters. Crystallographic and
refinement details are summarized in Table 1.

Table 1. Crystallographic Data for hnd(10;),

formula HNJA(10,),
M,[g mol™"] 844.85
cryst syst monoclinic
space group P2,/c

a (A) 10.5664(7)
b (A) 7.5350(S)
c (A) 14.1473(9)
a 90.00

p 110.51

4 90.00

V (A%) 1054.98(12)
V4 4

D, (g em™) 5.313

u (mm™) 16.687

F (000) 1472.0

T (K) 273

GOF on F* 0.853

R, wR,” (I > 20(I)) 0.0190, 0.0938
R,” wR,” (all data) 0.0218, 0.0968

R, = 2NF,| — IEJl/ZIE,. ®wR, = [Ew(E,2 = F2)*/Zw(E2)*]V2

Solid-State NMR Measurement. Solid-state NMR experiments
were performed on a sample of diamagnetic analogue of HNd(IO;),
and HLa(IO;), using a Bruker Avance III HD 400 spectrometer
operating at a 'H Larmor frequency of 400.25 MHz and equipped with
a double-resonance magic-angle spinning (MAS) probe, supporting
MAS rotors of 3.2 mm outer diameter. The rf-nutation frequency for
'H was 78.125 kHz, corresponding to 3.2 s for 900 pulses. 1D 'H
spectra with the one-pulse excitation method were acquired at a MAS
frequency of 10 kHz. A 1D 'H double-quantum filtered spectrum was
recorded at a 18 kHz MAS frequency with a back-to-back sequence
(BaBa) to excite and reconvert the DQ_signals."> All spectra were
referenced with respect to tetramethyl silane (TMS) using solid
adamantane ('H, 1.85 ppm) as a secondary reference."

Powder X-ray Diffraction. Powder patterns were collected from
5° to 50° with a step of 0.02° using a Bruker D8 advance X-ray
diffractometer with Cu Ka radiation (4 = 1.54056 A) equipped with a
Lynxeye one-dimensional detector.

Thermal Analysis. Thermalgravimetric analysis was carried out on
a NETZSCH STA 449F3 instrument in the range of 30—900 °C under
nitrogen flow at a heating rate of 10 °C/min.

Solid-State UV—vis—NIR Absorption Spectroscopy. The solid-
state. UV—vis—NIR spectra were recorded on a Craic micro-
spectrophotometer. Crystals were placed on quartz slides, and data
was collected after auto-set optimization.

Alternating Current Impedance Measurements. Alternating
current impedance mesurements were carried out on a Solartron SI
1260 Impedance/Gain-Phase Analyzer with an applied ac voltage
amplitude of 500 mV and frequency range from 4 MHz to 1 Hz. A
bulk crystalline powder of HNd(IO;), was compressed into a pellet
with 500 kg pressure, the diameter of the pellet is 3 mm, and the
thickness is in the range from 1 to 2 mm. For measurement below 100
°C, the pelletized sample attached with two gold electrodes was placed
in a temperature- and humidity-controlled chamber. To determine the
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conductivity of the sample above 100 °C, the pelletized sample was
placed into a tube furnace under a constant flow of humidified N, (the
pressure of N, was approximately 1 bar), whereas the silver electrodes
were used due to the complexation reaction between HNd(10;), and
gold at elevated temperature. All temperature points were calibrated by
an external thermocouple. The data were collected after the sample
was equilibrated in 50 min.

B RESULTS AND DISCUSSION

Structure Description. HNd(IO;), can be synthesized
either from the periodic acid flux method or slow evaporation
in concentrated acid; both are extremely proton-rich systems.
Single-crystal X-ray diffraction data reveals that HNd(IO;),
crystallizes in a monoclinic system in P2,/c space group, which
is isotypical to the lanthanum analogue HLa(10;),.'” The
overall structure of HNd(10;), is a dense three-dimensional
framework, as shown in Figure la. The asymmetric unit
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Figure 1. (a) View of the three-dimensional structure of HNd(I0,),
along the b axis. NdOg polyhedra are shown in orange and IO;
triangular pyramids in green. (b) Closer look at the partially
protonated terminal oxo atoms (shown in purple) connected through
H bonds shown as dashed lines. (c) Representation of 1D channels for
proton diffusion along the b axis.

Table 2. Bond Valence Sums for Terminal Oxygen Atoms
and Corresponding Bond Lengths for I-O Bonds

0o(3) 0(9) 0(10)
center atom 1(1) 1(3) 1(4)
bond valence 1.33 1.75 1.64
bond length (A) 1.894 1.793 1.817

statistical means on these oxygen atoms, where the distribution
coefficients can be roughly determined by the deviation of the
oxygen BVS value from 2.'® This suggests about 50% of H*
locates on O(3), and two sets of the rest of the 25% of H* bind
to O(9) and O(10). The O—O distances for the neighboring
terminal oxygen atoms are 3.116 (0(10)-0(9)), 2.733
(0(9)—0(3)), and 3.398 A (0(3)—0(10)), all well within
the range of hydrogen bonds. Hence, a series of proton-
hopping sites is afforded along the b axis, as shown in Figure 1b.
Furthermore, taking the van der Waals radii of atoms into
account, the intermolecular interaction clearly exists for the
terminal oxygen atoms; as illustrated in the space-filling
diagram (Figure S1), the H" is actually confined in the narrow
space of channels along the b axis rather than tightly bonding to
terminal oxygen, namely, H" in HNd(IO,), is probable to
diffuse effectively (Figure 1c).

Solid-State NMR Analysis. A broad peak in solid-state
nuclear magnetic resonance (SSNMR) 'H spectra of
diamagnetic analogue HLa(10;), clearly indicates the existence
of a proton (Figure 2). Quantitatively, three peaks are

— = 7.98ppm

........ 10.60ppm

== 9.53ppm

Recorded spectrum
— Fitted spectrum

100 0
'H Chemical Shift/ ppm

Figure 2. Line shape analysis of the SSNMR 'H spectrum.

consists of one Nd site and four I sites. The Nd center adopts a
tricapped trigonal prism geometry with nine-coordinated
oxygen atoms provided by four IO; units. The four crystallo-
graphically independent IO; groups can be divided into two
categories: one is 7°-I0; (I(2)) coordinating to three different
NdO, polyhedra, bridging Nd centers along the b axis; the
other one includes the rest of the 105 groups (I(1), I(3), and
1(4)) with n*-coordinating mode, with each one containing one
terminal oxygen atom with the corresponding I-O bond
pointing into the void space, creating 2.107 A X 3.081 A one-
dimensional channels along the b axis, as depicted in Figure 1b.

The overall framework structure is negatively charged with a
formal molecular formula of [Nd(IO;),]”. Considering the
principle of charge balance, there has to be one positive H
present within the structure, most likely locating on terminal
oxygen atoms forming a HIO; group. As shown in Table 2,
BVS (bond valence sums) calculated based on the correspond-
ing I-O bond distances for three terminal oxygen atoms are
1.33, 1.75, and 1.64, indicating that H* is distributed in a

employed for deconvolution with resonances at 7.98, 9.53,
and 10.60 ppm. The corresponding contributions are 63.9%,
19.1%, and 17.0%, respectively, highly matching the BVS
calculation results, further confirming the distribution of
confined H* on three different terminal oxygen atoms.
Furthermore, two SSNMR methods are employed in this
work, named one-pulse excitation and double-quantum (DQ)
filtered, which, respectively, accumulate signal of full protons
and the protons in a rigid system. As depicted in Figure 3, no
signal is recorded using the DQ-filtered method, which implies
the high local mobility of all protons in the system.

Stability Measurements. The thermal stability of the bulk
sample was investigated by thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) methods under N,
atmosphere. As indicated by the TGA curves (Figure S2),
HNd(I0;), shows no clear weight loss until 573 K,
demonstrating its high thermal stability in a wide temperature
range. The DSC (Figure S3) curve further confirmed the
structural integrity of bulk samples, with no clear signals until
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Figure 3. Solid-state NMR "H spectrum of HLa(10;), using the one-

pulse excitation method (a), and 1D 'H double-quantum filtered
spectrum (b).

573 K, indicating no phase transition in this temperature range,
which is also confirmed by the variable-temperature XRD data
(Figure SS). In addition, the structural stability of HNd(I10;),
was checked under reducing H, and CO atmosphere at 473 K
as well as by soaking the crystals in water and methanol for 3
days, where no crystal degradation was observed (Figure 4),
suggesting the long-term stability of this material at fuel cell
operation conditions.

Conductivity Properties. The proton conductivity of
HNd(IO;), was evaluated by alternating current (ac)
impedance spectroscopy from room temperature to 553 K
As an established measuring method, bulk crystalline powder of
HNJ(IO;), was compressed into a pellet attached with two
gold/silver electrodes and placed in a temperature- and
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Figure 4. (a) PXRD data for HNd(IO,), after being soaked in H,O or
ethanol for 3 days. (b) PXRD data for HNd(10,), treated by reducing
atmosphere under 200 °C.

humidity-controlled chamber. At 303 K/30% RH, the
conductivity of HNd(IO,), is quite low with a value of 8.0 X
107 S cm™!, which is comparable with those of bulk organic
molecules (e.g, imidazole), suggesting that the effective
transportation of H* ions is limited by a strong interaction
existing in the structure. However, this value is strongly
humidity dependent, which further increases to 1.78 X 107*S
cm™" at 95% RH. As demonstrated in Nyquist plots (Figure 5,
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Figure 5. Nyquist plot for HNd(IO;), at 353 K 95% RH.

detailed results are shown in Figures S6 and S7), the
conductivity is elevated with an increase of temperature, finally
reaching a maximum value of 4.6 X 10™* S cm™ at 353 K and
95% RH. Similar with other extensively investigated crystalline
proton-conducting materials, water plays an important role in
tuning proton conductivity, implying that confined H" in the
channel was activated by water and hence responsible for the
proton conductivity. Owing to the high thermal stability, it may
be a promising candidate for proton-conducting material
operated in the temperature region above 373 K. The pelletized
powder HNd(IO;), was placed in a tube furnace under a
constant flow of humidified N, to determine the conductivity of
HNd(10;), above 373 K. Notably, HNd(10;), held a high
conductivity at a magnitude of 8.0 X 107> S cm™ for the whole
range from 373 to 553 K, as depicted in Table S1.
Activation Energy Properties and Proton Conduction
Mechanism. The high proton conductivity observed in such a
wide temperature range promoted us to further investigate the
conduction mechanism. As shown in Figure 6a and 6b, there
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Figure 6. Arrhenius plots of HNd(IO;), below 373 K (a) and above
373 K (b).

are two distinguished Arrhenius plots in two separated
temperature regions. The calculated activation energy value
E, is 0.23 eV below 373 K. Surprisingly, the value of E, is 0.026
eV above 373 K, which is much lower than the former one.
Considering the typical activation energy value and the
humidity dependence of the conductivity below 373 K, the
Grotthuss mechanism predominantly contributes to proton

10026 DOI: 10.1021/acs.inorgchem.5b01801
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conduction, where conductivity carrier, proton, diffuses along
the hydrogen-bond network with the aid of water. When above
373 K, thermal activation gradually plays a more important role
with dramatically dropped humidity at higher temperature.
Similar with other reported systems with an abnormally low
activation energy (<0.1 eV),"? the thermal activation effect on
confined H in proton hopping sites along the b axis is
responsible for the diffusion, where short O—O distances
enable “soft” H' to jump between adjacent oxygen atoms,
giving rise to so-called “oscillatory proton transfer”.'” As
demonstrated in Figure 7, variable-temperature SSNMR 'H

b)
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"H Chemical Shift/ ppm
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Figure 7. (a) Variable-temperature SSNMR 'H spectra recorded from
25 to 105 °C with an increment of 20 °C. (b) 'H peaks line width as a
function of elevated temperature.

spectra are recorded from 25 to 105 °C with an increment of 20
°C. The 'H peak line width slightly decreases from 3390 to
3140 Hz via increasing experimental temperature; the higher
temperature spectrum displays a lower peak line width, clearly
indicating that thermal activation results in rapid proton
exchange and diffusion, therefore giving rise to much lower
activation energy. Unlike reported solid acid, such as CsHSO,,
which undergoes a superprotonic phase transition accompanied
by a transformation from an ordered to a disordered hydrogen-
bond network, resulting in remarkably enhanced proton
conductivity.”’ One significant feature in HNA(IO;), is the
absence of phase transitions, while high proton conductivity in
HNJ(IO,), is originated from proton diffusion within the
inherent hydrogen-bond network with the aid of water and
thermal activation.

Performance of Testing Fuel Cell Assembly. Direct
evidence to clarify the long-range proton conduction is to
observe the performance in the tested fuel cell. A sandwich
proton electrolyte assembly was fabricated by a dense
HNdJ(IO,), electrolyte attached with two Pt/C electrodes.
The heating and cooling cycle of electromotive force curves
were measured from 120 to 200 °C, which was the ideal
operating temperature region for PEMFCs. As shown in Figure
8a, the voltage of the cell at the initial temperature (~393 K) is
close to zero, possibly due to the fact that the low thermal
activation effect is not strong enough to overcome the energy
barrier of the intermolecular interaction and hence has no effect
on the transportation of confined H*, whereas the diffusion of
H* was activated with the elevation of temperature, resulting in
a gradual enhancement of the open-circuit voltage. This
thermal activation mechanism of confined H* was also
observed in the cooling cycle. Notably, the heating and cooling
steps are not superimposed with each other, establishing a
hysteresis loop, which is again supportive for the thermal
activation hypothesis (Figure 8a). Figure 8b presents the
assembled cell tested on wet hydrogen/air at 170 and 190 °C

> 06]
@ —_—
%‘0 0.54 / 2 \
S 0.4 /
§ 0.3
2 0.2
g
2 0.1
S
0.0-
140 160 180 200
Temperature/0 C
. 70
b) %] oom = 190Cleo o
0.5 e E\ﬂ-o-mﬂc 50 §
> 04 lgo 2
) £
£ 0.3 % 130 2
S 0.2 ‘@g\ \ 3
- {20 3
0.1 \5\5§ {10 2
-9
0.0- o

0 100 200 300
Current density/pA cm’ 2

Figure 8. (a) Hysteresis curve of the open circult voltage as a function
of operation temperature: heating (up arrow) and cooling (down
arrow) processes. (b) Performance of a single cell under wet hydrogen
atmosphere at 170 and 190 °C.

under ambient pressures. The peak power densities of the cell
were 62 and S8 uWem ™ at 190 and 170 °C, respectively. The
cell performance is too low to be ignored but clearly confirms
the potential application of HNd(IO;), as the electrolyte for
fuel cells, which can be significantly improved through reducing
the cell thickness by choosing proper electrode materials and
modifying the cell structure. As shown in Figure 8b, the open-
circuit potential of the cell at 170 °C is 0.53 V, which is
51gn1ﬁcantly lower than traditional electrolytes reported
before.”’ The OCV is related with the density and electron
conductivity of the electrolyte. In addition, HNd(IO,), is an
electron isolator (indicated by typical absorption spectra for
lanthanide compounds in Figure S8) which avoids internal
short circuit to reduce the OCV. Therefore, the electrolyte is
possibly not quite dense, which may leak the fuel to further
affect the open-circuit potential. However, the OCV can be
surely improved by modifying the cell assemble technology in
future works. Importantly, we did not observe a noticeable
decrease of OCV as a function of cell operating time, which is
originated from the chemical and structural robustness
possessed by HNd(10;),, clearly demonstrating the promise
of a stable protonated 3D inorganic framework material for
long-term robust applications in fuel cells.

B CONCLUSIONS

A high proton conductivity from room temperature to 553 K
was observed in the three-dimensional coordination framework
HNd(10;5),. Two distinguished conduction mechanisms
dominate the proton diffusion process in two separated
temperature regions: one is the typically water-mediated
conduction below 373 K, and the other is accelerated diffusion
along an inherent hydrogen network by thermal activation.
Remarkably, the mechanism of this material in high temper-
ature is distinguished with others as it shows no superprotonic
phase transition and no dehydration process. Furthermore,
HNJ(IO,), is facile to be synthesized and exhibits superior
chemical and structural robustness at operation conditions. The
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present work is beneficial to further understanding of the
structure—property relationship in proton-conducting materi-
als. As a take-home message of this work, the presented
synthesis method under proton-rich environment likely aids in
the formation of crystalline materials with liberated protons,
which benefits the development of proton-conducting materi-
als.
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