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high efficient intermediate temperature proton

conductorf
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In this study, we introduced 1H-1,2,4-triazole into the ordered nanochannels of propyl amino functioned

MCM-41 and then investigated the hybrids' proton conducting performance. A high proton conductivity

of 834 x 107 S cm™* has been obtained at 120 °C, with 5 mol% mole ratio of dangling propyl amino

and fully loaded 1H-1,2,4-triazole in the silica. The activation energy is 0.55 eV and 1.303 eV in the
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temperature range below and above 80 °C respectively, indicating that the charge transfer mechanism

of the material involved both vehicle and Grotthuss process. The above results showed that loading of 1-
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Introduction

Proton-conducting solids play a pivotal role in proton exchange
membrane fuel cells (PEMFCs). Perfluorosulfonic acid poly-
mers, such as Nafion, are the state-of-the-art in proton
conductors, which can reach a proton conductivity of 0.1 S cm ™"
in high relative humidity."® However, when the operation
temperature is above 80 °C, this conductivity always decreases
dramatically because of the water loss and nanochannel
deformation. This limits PEMFCs' operating temperature to
80 °C. Novel electrolyte membranes with high proton conduc-
tivity at temperatures above 120 °C can minimize some of the
key problems facing PEMFCs (i.e. CO poisoning, water and
thermal management) hence reducing the overall cost of the
fuel cells and increasing the total energy conversion efficiency.
Therefore, developing an intermediate temperature proton
conductor independent of water is desperately in need.*”

A classical approach to achieve anhydrous proton conduc-
tion is to replace water as the proton carrier with amphoteric N-
heterocycles, such as imidazole.*** In these amphoteric mole-
cules, the proton conduction is carried out by the formation and
fracture of hydrogen bonds via Grotthuss-type mechanism, and
thus they can not only donate but also accept protons during
the proton transferring process. For better performance, 1-H-
1,2,4-triazole, with three nitrogen atoms in five membered ring
structure, has been used as the non-water proton species
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H-1,2,4-triazole molecules into silica’'s ordered mesopores is a good strategy for excellent proton
conductivity under intermediate temperature.

because rich nitrogen atoms are beneficial to the effective
formation of hydrogen networks inside the silicas’ nano-
channels and consequently high conductivity. Besides, with the
discrete electronic density of triazole ring, 1-H-1,2,4-triazole
obtains higher electrochemical stability than other N-
heterocycles such as imidazole, suitable for fuel cell applica-
tions and is able to effective proton conductivity under anhy-
drous conditions. In the past few decades, heterogeneous
hybridization of proton source and porous matrix has proven to
be one of the most effective approaches to fabricate anhydrous
proton conductors.”®** With the confinement effect and large
pore volume of porous matrix, high conductivities have been
obtained for the porous coordination polymers (PCPs), covalent
organic frameworks (COFs), as well as other porous organic
polymers.**° Kitagawa and co-workers reported that the imid-
loaded PCPs [Al(OH)(ndc)], (ndc = 1,4-naph-
thalenedicarboxylate) exhibited a proton conductivity of 2.2 x
107° S em ! at 120 °C.*” In addition, the histamine loaded
[Al(OH)(ndc)], was also prepared and achieved an anhydrous
proton conductivity of 1.7 x 10™* S em™ " at 150 °C.** Jiang et al.
indicated that mesoporous COF [TPB-DMTP-COF] loaded with
imidazole molecules exhibited proton conductivity of 4.37 x
107° S em ™" under anhydrous conditions.?

However, the poor hydrolysis resistance of the most PCPs
and COFs limited the hybrid proton conductors' extensive
applicability. From the point of view of atomic economy, it is
sensible to utilize some other porous substrate with lower cost
and easier preparation method. Periodic mesoporous organo-
silicas (PMOs), first reported by Asefa et al in 1999, directly
forms hybrid organic-inorganic matrices by hydrolysis and
condensation reactions with organosilane precursors.””>* The

azole
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presence of organic units enables PMOs to be functionalized
with a large number of desired groups. The PMOs exhibit
homogeneous and sometimes even crystalline pore walls. By
grafting special acidic groups such as the -SO;H, -H,PO,
etc.’** PMOs have achieved preferable proton conduction.
Phosphate functionalized MCM-41 nanospheres showed proton
conductivity of 0.015 S cm™ " at the relative humidity of 100%,
but when the humidity was reduced to 20%, this value quickly
dropped to 3.0 x 10~ *Scm ™.

In this study, we used a series of propyl amino functionalized
MCM-41 (denoted as MS-PrNH, silicas) and 1H-1,2,4-triazole to
construct the heterogeneous hybrid anhydrous proton
conductors. The -NH,, of propyl amino groups and the hydroxyl
group on the silica's surface are designed as the Lewis acid sites
to immobilize 1H-1,2,4-triazole molecules and to form the
hydrogen bonding networks for proton conduction. The MS-
PrNH, silicas offer two advantages compared to other porous
matrices. Lower cost and more mature industrial preparation of
silicas over PCPs and COFs would promote the industrialization
of hybrid proton conductors; large pore volume and tunable
pore size allow enough storage space for guest molecules, which
could effectively improve the hybrid's proton conductivity. More
importantly, their ordered pore walls would provide rapid
charge transfer routes for protons. By changing the content of
propyl amino groups, the pore volume and BET specific surface
area as well as the pore size of silicas could change accordingly.
Hereafter, the interaction between 1H-1,2,4-triazole and silicas'
pore wall can be mediated to exhibit different proton conduc-
tion behaviours. To the best of our knowledge, there were few
kinds of literature reported on the heterogeneous hybrid proton
conductors based on silica matrix. Hence, the present study
would provide a flexible and simple method for designing and
fabricating high-performance intermediate temperature proton
conductors.

Experimental

Chemical and materials

1H-1,2,4-Triazole, cetyltrimethylammonium chloride (CTAC),
tetramethyl  orthosilicate  (TMOS),  3-(trimethoxysilyl)-1-
propanamine were purchased from TCI organic Chemicals.
1H-1,2,4-Triazole were purchased from Aladdin Chemistry Co.,
Ltd. All the solvents were of analytical quality.

Characterizations

Transmission electron microscopy (TEM) characterization was
taken with a JEM-2010 transmission electron microscope
(operated at 120 kV). Small-angle X-ray powder diffraction
analysis was studied by X-ray diffraction (XRD; Rigaku, Ultima
IV with D/teX Ultra) analysis using CuKo radiation with a scan
speed of 1° min~' ranging from 1° to 10°. Nitrogen sorption
isotherms of samples were measured by a Quantachrome
Instruments Quadrasorb SII at 77 K and samples were degassed
at 150 °C for 5 h in a vacuum before measurements. The Bru-
nauer-Emmett-Teller (BET) surface area was calculated using
experimental points at a relative pressure of P/P, (0.05-0.12).
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Scheme 1 Synthetic routes of propyl amino functioned MCM-41.

Total pore volume was calculated by the N, amount adsorbed at
the P/P, of 0.99. The pore size distribution was calculated by the
DFT method. Proton conductivity measurements were per-
formed on sample pellets using Solartron 1260 analyzer over
a frequency range from 1 Hz to 1 MHz and with an amplitude of
100 mV. The sample pellets were tightly connected between two
steel electrodes, by means of spring, to ensure good contact
between the sample and each electrode. The thickness of
sample pellets was measured using a vernier caliper. Measure-
ments were taken under anhydrous conditions and done at
thermal equilibrium by holding for 20 min in the whole
temperature range. Thermal gravimetric (TGA) experiments
were carried out with a Setaram LabsysEvo TG analyzer under
a nitrogen atmosphere from 30 °C to 1200 °C with a heating rate
of 10 °C min~". Fourier transform infrared (FTIR) spectra were
recorded at room temperature in a KBr matrix on a Nicolet IS 5.

Synthesis of propyl amino-functionalized MCM-41 spheres

Preparation of propyl amino functionalized MCM-41. The
propyl amino-functionalized MCM-41 spheres were synthesized
according to our previous publication and with some modifi-
cations (Scheme 1).*** A typical synthesis method is as the
following procedure. 3.52 g CTAC was dissolved in a mixture of
400 mL deionized water, 500 mL methanol, and 2.5 mL NaOH
solution (1.0 M), stirring for 30 min at 30 °C. Two solutions of
TMOS (2.464 g) in methanol (30 mL) and 3-(trimethoxysilyl)-1-
propanamine (0.1451 g) in methanol (30 mL) were prepared.
Consequently, they were added dropwise to the above mixture,
respectively. After further stirring for 10 h, the resulting solid
was isolated by filtration through a filter paper and then washed
with water and ethanol, and finally dried at 80 °C for 12 h. To
remove the pore-generating template (CTAC), the as-
synthesized sample was transferred into an ethanol solution
containing ammonium nitrate (0.5 g/150 mL) and stirred for 1 h
under reflux. The extraction step was repeated two times to
ensure complete removal of CTAC. The template-removed
mesoporous silica sphere was washed with deionized water
and ethanol for three times and dried at 80 °C overnight under
vacuum.

To study the effect of propyl amino groups’ amount on final
PMOs, the different mole ratio of 3-(trimethoxysilyl)-1-
propanamine (5 mol%, 10 mol%, 15 mol% with respect to the

This journal is © The Royal Society of Chemistry 2017
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TMOS) were used to synthesize the target silica spheres.
Samples denoted as MS-PrNH,-1, MS-PrNH,-2 and MS-PrNH,-3
were obtained by changing the amount of 3-(trimethoxysilyl)-1-
propanamine correspondingly during the reaction.

Preparation of 1H-1,2/4-triazole loaded silicas. After
syntheses MS-PrNH2-1, MS-PrNH2-2 and MS-PrNH2-3 was
degassed by heating to 80 °C under reduced pressure for 12 h to
remove residual solvent molecules. Then the system was purged
with N, three times and evacuated at room temperature for
0.5 h. The thermal sublime diffusion method was employed for
loading 1H-1,2,4-triazole into the pores of silicas. A mixture of
silica and 1H-1,2,4-triazole was loaded into a Pyrex tube
(diameter = 8 mm, length = 130 mm) and this system was
sealed under vacuum condition. The Pyrex tube was heated at
120 °C for 48 h to yield the composites, denoted as Tri@MS-
PrNH,-1, Tri@MS-PrNH,-2, and Tri@MS-PrNH,-3 respectively,
where Tri represents 1H-1,2,4-triazole molecules.

Results and discussion

The morphology and microstructure of the silicas before and
after loading 1H-1,2,4-triazole could be examined directly by
transmission electron microscope (TEM). As is shown in
Fig. 1(a), the ordered nanochannels with radial pattern could be
viewed apparently inside the MS-PrNH,-1. After loading the
proton carriers, the surface morphology of Tri@MS-PrNH,-1 is
similar to that of MS-PrNH,-1 and the ordered nanochannel was
kept well, while it nearly becomes into solid ball as can be
clearly seen in Fig. 1(b), indicating the successful loading of the
guest molecules into the porous matrix. The TEM images of MS-
PrNH,-2, MS-PrNH,-3 and Tri@MS-PrNH,-2, Tri@MS-PrNH,-3
were illustrated in the ESI (Fig. S2 and S37), both of which
showed the similar ordered nanochannel inside the silicas.
Further study revealed that proton carriers are accommodate
inside the nano-channels of the silicas rather than aggregated
on the outer surface. Besides, the nano-channels have not been
blocked at the surface, as viewed in the amplified picture of
surface morphology of Tri@MS-PrNH,-1. As the content of
propyl amino groups increased, we could see that the ordered
nanochannel keeps well in MS-PrNH,-2 (Fig. 1(c)) and MS-
PrNH,-3 (Fig. 1(e)). However, it is observed in Tri@MS-PrNH,-3
that the central core of the silica sphere is almost hollow
(Fig. 1(f)), which shows that the increment of propyl amino

Fig. 1 TEM images of MS-PrNH,-1 (a) and Tri@MS-PrNH,-1 (b).
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groups inside the silica impeded the 1H-1,2,4-triazole's
accommodation procedure. It can be explained by the above
results that the dangling functional groups inside the silica are
beneficial to the guest molecules’ loading due to their interac-
tions, but the excess of functional groups will lead to the
reduction of the porosity. Therefore, only introducing an
appropriate amount of propyl amino groups would be good for
the introduction of sufficient 1H-1,2,4-triazole molecules into
silicas.

To investigate the quantity effect of function groups and the
loading proton carriers towards the ordered nanochannel of
MCM-41 spheres, the small angle XRD patterns of the MS-
PrNH, samples have been measured. As is shown in Fig. 2(a), all
of the samples exhibited well-resolved diffraction peak at 26 =
2.3° ascribed to the (100) reflections, indicating the existence of
hexagonal mesophase within the samples. The sharp diffraction
peak indicates highly ordered mesoporous structures kept well
even when the molar ratio of propyl amino groups was
increased to 15 mol%. The intensity of the diffraction peaks of
MS-PrNH,-2, MS-PrNH,-3 decreased gradually while becoming
broad, which suggests that more propyl amino groups grafted
inside the pore wall would reduce the silica's ordered nature to
some extent. Furthermore, with the introduction of 1H-1,2,4-
triazole, the intensity of this diffraction peak decreases obvi-
ously and the peak position shifts to high angular displace-
ment, which indicates that 1H-1,2,4-triazole molecules have
been adsorbed on the silica's internal surface, with an increase
of silica's lattice parameter.

The permanent porosity of all the silica samples and their
hybrids was evaluated by the N, adsorption-desorption
isotherm. The BET surface areas, pore volumes and pore sizes
are summarized in Table 1. As is shown in Fig. 2(b) and S3,7 all
the guest free silicas showed a type-IV sorption isotherm, which
belongs to the type of a mesoporous material. The total pore
volume (pore size) of MS-PrNH,-1, MS-PrNH,-2, MS-PrNH,-3 are
0.7854 cm® ¢~' (3.3 nm), 0.5967 cm® g~' (3.1 nm) and
0.4687 cm® g~ ' (3.1 nm) respectively, indicating that more
propyl amino groups grafting on the inner space would lead to
a significant reduction of MCM-41's total volume and pore size.
Similarly, the specific BET surfaces of MS-NH,-1, MS-PrNH,-2,
MS-PrNH,-3 reduced gradually from 1004.22 m*> g ' to

Tr@MS-PrNH 3
Tr@MS-PINH, 2 (b)
Tr@MS-PrNH -1
| —— MS-PrNH,3
'l —— MS-PrNH,2
[ MS-PrNH,-1

15000 - 500 -f MS-PrNH -1

8 8
by

N, adsorption amount (cm’g ")
L
-
-

TH@MS-PINH,-1
SR ST csssssssssseee®

2theta® Relative Pressure (P/P))
Fig. 2 (a) Small angle powder X-ray diffraction patterns of MS-PrNH-1,
MS-PrNH,-2,  MS-PrNH»-3,  Tri@MS-PrNH,-1,  Tri@MS-PrNH2-2,
Tri@MS-PrNH,-3; (b) N, adsorption isotherms of MS-PrNH,-1 and
Tri@MS-PrNH,-1.
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Table 1 The absorption properties of silica

BET surface area Pore volume Pore size
Samples (m*g™) (em® g ™) (nm)
MS-PrNH,-1 1004.22 0.7854 3.3
MS-PrNH,-2 804.96 0.5967 3.1
MS-PrNH,-3 541.44 0.4687 3.1
Tri@MS-PrNH,-1 33.82 0.0873 —
Tri@MS-PrNH,-2 18.08 0.0649 —
Tri@MS-PrNH,-3 23.17 0.0759 —

541.44 m* g~ ', indicating that the silica matrix's loading ability
was declining as the increment of grafted propyl amino units.
After loading 1H-1,2,4-triazole, the total volumes of Tri@MS-
PrNH,-1, Tri@MS-PrNH,-2 and Tri@MS-PrNH,-3 were sharply
reduced to 0.0873 cm® g™, 0.0649 cm® g~ * and 0.0759 cm® g,
respectively, suggesting that the silicas’ nanochannels are
almost fully occupied by the 1H-1,2,4-triazole molecules.

The infrared absorption spectrum was used to explore the
possible interaction between 1H-1,2,4-triazole and silicas. As is
illustrated in Fig. 3a, all the guest free silicas have a strong
absorption band at 1075 cm ™", which is attributed to the asym-
metric stretching vibration of Si-O-Si. The wide absorption peak
at 3436 cm™ ' is assigned to the OH groups without condensation
reaction and NH, groups. Peaks at 1524 cm™ ' and 1627 cm ™"
correspond to the in-plane bending vibration of the primary NH,
group. After the loading of 1H-1,2,4-triazole, the absorption peak
at 3436 cm ™" disappeared and some new peaks appeared between
2400 cm~ ' and 3300 cm ™!, which underlines the interactions
between 1H-1,2,4-triazole and NH, groups. In addition, the rela-
tive intensity ratios of the two absorption peaks at 1524 cm™ " and
1627 em™ ' changed significantly, that implies C-C and C-N
bonding change in 1H-1,2,4-triazole. This result indicates that 1H-
1,2,4-triazole has been successfully introduced into the pores of
silica, while amino functionalization is helpful to the interaction
between 1H-1,2,4-triazole molecules and pore wall.

To probe the properties of the inner-shell electrons, X-ray
photoelectron spectroscopy (XPS) was used. High-resolution
narrow scan spectra (Fig. 4) were recorded for the N 1s core

2400
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Fig. 4 TGA curves of MS-PrNH,-1, MS-PrNH,-2, MS-PrNH,-3,
Tri@MS-PrNH,-1, Tri@MS-PrNH,-2, Tri@MS-PrNH,-3.

levels of MS-PrNH,-1 and Tri@MS-PrNH,-1 for further insight
into the compositions and interaction. The XPS study of Tri@MS-
PrNH,-1 and MS-PrNH,-1 shows three types of nitrogen atoms:
one at 399.7 eV corresponding to the propyl amino nitrogen, the
other two at 401.5 eV and 406.7 eV should allude to the proton-
ated secondary amine (-NH,'). In the spectrum of Tri@MS-
PrNH,-1, the relative intensity ratio of (-NH,")/(-(CH,);NH,) were
larger than that of MS-PrNH,-1, that could attribute to the
interaction between 1H-1,2,4-triazole and grafted amino groups.
There is no obvious O 1s binding energy difference between MS-
PrNH,-1 and Tri@MS-PrNH,-1 (Fig. S4t), indicating that the
main host-guest interaction should not be generated from the
hydroxyl groups but from the amino groups.

The loading amount of 1H-1,2,4-triazole inside the silicas
was checked by thermogravimetric analysis (TGA) measurement
(Fig. 5). The first weight loss (<100 °C) of the propyl amino
functional MCM-41 can be assigned to the loss of water and
residual solvent from the silica spheres. The weight loss at
200 °C can be attributed to the propyl amino groups. All the
hybrid samples start obvious weight loss from 150 °C, which
presents the removal of 1H-1,2,4-triazole. By subtracting the
silicas’ own weight loss, the weight ratio of 1H-1,2,4-triazole in
Tri@MS-PrNH,-1, Tri@MS-PrNH,-2, Tri@MS-PrNH,-3 were
calculated as 56%, 46% and 29%, respectively. According to

Tri@MS-PrNH -1

Intensity/(a.u.)
Intensity (eV)

Si-(CH,),NH,

1700
MS-PrNH -1

(b)

SHCH,);NH, (c)

Intensity (a.u.)

'

T T T T T
4000 3000 2000 1000 390 395
Wavenumber/om™

Fig. 3 FTIR spectra of MS-PrNH,-1, MS-PrNH,-2, MS-PrNH,-3 and their composites (a);

Tri@MS-PrNH,-1 (b) and MS-PrNH,-1 (c).
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Fig.5 (a) Nyquist plots (40 °C) and (b) Arrhenius plots of Tri@MS-NH,-

1, Tri@MS-PrNH,-2 and Tri@MS-PrNH,-3.

silicas’ total volume and 1H-1,2,4-triazole's density, their
maximum loading amount should be 50%, 43% and 37%,
which largely is consistent with the calculated values.

AC impedance spectroscopy was used to investigate the
sample's proton conductivity. It is regarded that the semicircle
of all the Nyquist plots in the higher frequency region as bulk
resistivity. The conductivity of the samples was calculated from
the impedance value using the equation:*°

[

7~ SR,

where ¢ is the conductivity (S cm ™), S is the electrode area (cm?),
[ is the measured sample thickness (mm), and R, which was
extracted directly from the impedance plots, is the bulk resis-
tance of the sample (Q). The activation energy (E,) for the mate-
rial conductivity was estimated from the following equation:

E,
oT =0y exp(— % ‘T)
B

where ¢, is the pre-exponential factor, kg is the Boltzmann
constant, and 7 is the sample temperature.

For MS-PrNH,-1, MS-PrNH,-2, MS-PrNH,-3, no semicircles
were observed at all, indicating negligible proton conductivity
of the idle silicas. The introduction of 1H-1,2,4-triazole led to
a typical proton conductivity, which was determined from the
semicircles in the Nyquist plots (Fig. 5(a)). Tri@MS-PrNH,-1,
Tri@MS-PrNH,-2 and Tri@MS-PrNH,-3 displayed proton
conductivity of 1.04 x 10 >Scem™ ", 7.66 x 10 ®Scm™ ' and 6.46
x 107 S cm™" at a low temperature of 40 °C. It is notable that
although Tri@MS-PrNH,-2 and Tri@MS-PrNH,-3 have more
amino groups in their structures, their proton conductivities are
lower than Tri@MS-PrNH,-1. This is mainly due to their rela-
tively smaller loading amount of proton carriers that cannot
enhance the proton conductivity efficiently. On the other hand,
the stronger interaction between 1H-1,2,4-triazole and the
silica's inner wall might limit 1H-1,2,4-triazole's reorientation
and hence impede the charge transferring process, which
subsequently resulted in lower conductivity.

In order to further demonstrate the effect of the functional
groups on the conductivity, we used the pure MCM-41 without
propyl amino groups to load the 1H-1,2,4-triazole and found that
the hybrids didn't exhibit obvious proton conductivity until 90 °C,

This journal is © The Royal Society of Chemistry 2017
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its highest conductivity obtained at 110 °C is only 10> S cm™*
(Fig. S51). This demonstrates that the presence of the propyl amino
group is indeed beneficial to the improvement of proton conduc-
tivity. From the Arrhenius plots (Fig. 5(b)), we could see that all the
composites show nonlinear relationships between conductivity
and temperatures. Below 80 °C, the E, of Tri@MS-PrNH,-1,
Tri@MS-PrNH,-2, Tri@MS-PrNH,-3 are 0.55 eV, 0.48 eV and
0.40 eV, respectively, which means the proton transfer according to
the Grotthuss hopping mechanism. At high temperature above
80 °C, the E, of these composites increased up to 1.303 eV, 1.159 eV
and 0.937 eV, much higher than that in low temperature. It is
notable that the activation energy of Tri@MS-PrNH,-1 is relatively
higher than Tri@MS-PrNH,-2 and Tri@MS-PrNH,-3. We speculate
that this is due to the fact that there are more 1H-1,2,4-triazole
molecules accommodated in MS-PrNH,-1 and therefore the
transmission of protons requires a greater amount of priming.

The proton conductivity of Tri@MS-PrNH,-1 at 120 °C is 8.34
x 107> S em™ ", while the corresponding values of Tri@MS-
PrNH,-2 and Tri@MS-PrNH,-3 are 2.68 x 10 > S cm ™ * and 7.29
x 10~* S em™". Since the concentration of proton species in MS-
PrNH,-1 is higher than MS-PrNH,-2 and MS-PrNH,-3, Tri@Ms-
PrNH,-1 presents a higher proton conductivity. These results
show that these hybrid materials have two kinds of proton
conduction mechanisms: at temperatures below 80 °C, protons
were conducted by the hopping mechanism, while at the higher
temperatures, protons would transfer according to the vehicle
mechanism. This result is among the best achieved by the
hybrid strategy and is comparable to the reported hybrids based
on MOFs and POPs as the porous matrix (Table S1 in ESIY).

Conclusions

We have synthesized a series of MCM-41 with different amounts of
propyl amino groups incorporated in their inner wall. The pore
size and total volume gradually decrease with the improvement of
functional groups. Incorporation 1H-1,2,4-triazole into silicas’
ordered nanochannels on the molecular scale for interaction
between the host-guest interaction of NH, and 1H-1,2,4-triazole
has been successfully executed by the evaporation method. With
less propyl amino groups decorated in, MS-PrNH,-1 possesses
relatively larger interior space than other silicas and hence could
accommodate more proton species for a high conductivity of 8.3 x
10 S em™ ! which is among the best result and can be compa-
rable as hybrid species using MOFs or POPs as porous matrix.
With their low cost and mature industrial preparation technology,
this kind of propyl amino functional silica material is expected to
be utilized as a novel porous matrix for fabricating anhydrous
proton conductor. And this study would offer new opportunities
for high-performance intermediate proton conductors.
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